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ABSTRACT
Simpson, Juliet. Understanding species boundaries between Penstemon acaulis and Penstemon
yampaensis: Implications for conservation and management. Unpublished Master of
Science Thesis, University of Northern Colorado, 2022
Effective conservation management relies upon accurate taxonomic information and an
understanding of the genetic health and population structure for each species. Penstemon acaulis
and P. yampaensis are endemic species to Colorado, Utah, and Wyoming, and have been
considered for listing under the Endangered Species Act (ESA). Although not listed federally,
they are listed as state Sensitive Species. There is little biological data published about either and
there remains taxonomic uncertainty surrounding the two. This research examines phylogenetic
relationships, morphological traits, and population genetics to clarify the species boundary
between P. acaulis and P. yampaensis and recommend conservation management activities
based on the distribution of genetic diversity within each species. Phylogenetic analyses showed
P. acaulis and P. yampaensis to be distinct, monophyletic lineages and morphological data
further supported taxonomic recognition of both species, however these results did not support
the previous species boundaries. Eastern populations of P. acaulis were shown to be more
closely related to P. yampaensis, and without those populations the total species range of P.
acaulis decreased to a single 900 square kilometer region. Population-level analyses showed
populations of P. acaulis and P. yampaensis had low levels of inbreeding despite relatively low
levels of heterozygosity, indicating fair genetic health. There were three distinct genetic groups
identified within P. yampaensis but only one in P. acaulis, thus it may be susceptible to biotic or
abiotic changes that wouldn’t be as impactful on P. yampaensis. In order to preserve the
iii

maximum amount of genetic diversity, healthy P. acaulis populations and populations from each
P. yampaensis genetic group should be targeted for protection or seed collection. With the
significant decrease in actual range and expected genetic diversity, P. acaulis appears more
sensitive than previously thought. These genetic and morphological data suggests that Penstemon
acaulis should be reconsidered for listing under the ESA, pending further demographic and
occurrence monitoring.
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CHAPTER I
INTRODUCTION TO CONSERVATION GENETICS
AND STUDY SYSTEM: PENSTEMON ACAULIS
AND PENSTEMON YAMPAENSIS
Conservation Genetics
Biodiversity in Crisis
According to data published in the last decade, the current global rate of extinction is
close to 1,000 times higher than the typical global rate of background extinction. (De Vos et al.,
2015; Pimm et al., 2014). The International Union for Conservation of Nature (IUCN), the
leading resource for global biodiversity and conservation, currently identifies 41,543 taxa
considered to be at risk of extinction, on top of 897 listed taxa that have already gone extinct and
79 that now only exist in captivity (IUCN, 2021). The IUCN’s Red List categorizes taxa based
on the susceptibility of their populations to extirpation and considers those listed as Critically
Endangered, Endangered, and Vulnerable as threatened with extinction (IUCN, 2021).
NatureServe, the authority on species conservation for North America, categorizes species based
on the same criteria into global (G) or state-based ranks (S): Imperiled (2), Critically Imperiled
(1), and Vulnerable (3) (NatureServe, 2022c). Within the United States (US) the Endangered
Species Act (ESA) of 1973, as amended, 16 U.S.C. § 1536(a)(1) (United States, 1983) is the
primary legislation used for identifying and protecting national species at risk (United States Fish
and Wildlife Service [USFWS], 2003), with most ESA listed taxa also being classified by
NatureServe as G2/S2 or G1/S1 (NatureServe, 2022c). The ESA has 190 animal and 170 plant
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taxa listed as Threatened and 469 animal and 769 plant taxa listed as Endangered somewhere in
the US (USFWS, 2022a; USFWS, 2022b).
Taxonomic Accuracy and
Conservation
While most taxa of conservation concern are unique species, taxon ranks below species
(subspecies and variety) are also included in the IUCN Red List (IUCN, 2021), the Convention
on International Trade in Endangered Species of Wild Fauna and Flora (CITES), NatureServe,
and national threatened species lists in the US (USFWS, 2022a; USFWS, 2022b), Brazil,
Canada, Australia, New Zealand, and South Africa, among others (Haig et al., 2006). On the
IUCN Red List, infraspecific taxa make up a small percentage of the listed Vulnerable,
Endangered, and Critically endangered taxa (Table 1; IUCN, 2021). There are at least twice as
many listed subspecific plant taxa as subspecific animal taxa in all three categories (Table 1;
IUCN, 2021). The percentage of infraspecific taxa listed through the ESA is much higher (Table
1). There are about the same number of subspecific plant taxa and subspecific animal taxa listed
as Endangered, however there are more subspecific animal taxa listed as Threatened (Table 1;
USFWS, 2022a; USFWS, 2022b).
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Table 1
The Number and Percent of Subspecific Taxa Listed Through the IUCN (IUCN, 2021) and ESA
(USFWS, 2022a; USFWS, 2022b).
Total listed
taxa

Subspecific
taxa (%)

Subspecific
plant taxa (%)

Subspecific
animal taxa (%)

Critically
endangered

9,033

311 (3.4)

217 (2.4)

93 (1.0)

Endangered

15,872

469 (3.0)

312 (2.0)

157 (1.0)

Vulnerable

16,638

679 (4.1)

534 (3.2)

145 (1.0)

Endangered

1,237

240 (19.4)

122 (9.9)

118 (9.5)

Threatened

359

80 (22.3)

30 (8.4)

50 (13.9)

Source

Status

IUCN Red
List

Endangered
Species Act

The ESA specifically includes subspecies of fish, wildlife, and plants, but it does not
define what is considered a subspecies (USFWS, 2003). Subspecies and varieties have
traditionally been described through morphology and geographic range, leading many taxonomic
studies to analyze those components to identify new infraspecific taxa and recommend fine-scale
taxonomic revisions (Bayer & Lopez, 1991; Blanca, 1981; Blanca et al., 1999; Lozano et al.,
2007). These revisions are often a result of circumscription (Lozano et al., 2007) and can affect
the conservation status of the taxa in question, as was the case with Centaurium barrelieroides
(Gentianaceae) and C. rigualii, two Mediterranean endemic plants that were eventually identified
simply as regional forms of the widespread C. quadrifolium ssp. barrelieri (Bayer & Lopez,
1991). The application of molecular techniques to taxonomic studies provides greater clarity into
the relationships among populations of species and can help distinguish between infraspecific
taxa (Mayol & Rossello, 1999; Zink, 2004). A revision of Silene subgenus Petrocoptis
(Caryophyllaceae) based on nuclear ITS sequences reduced the number and rank of recognized
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taxa from nine unique species to four species and three subspecies (Mayol & Rossello, 1999).
Two of the previously recognized species had been listed as Vulnerable by the IUCN and
another had been listed as Rare, but they were shown to be subspecies of more common taxa
(Mayol & Rossello, 1999; Walter & Gillett, 1998). One of the species that was retained had also
been listed as Rare, but it was lumped with two other previously recognized species and so it was
no longer listed (Mayol & Rossello, 1999; Walter & Gillett, 1998). Broad-scale molecular
studies on avian species in North America found similar discrepancies between morphologybased classifications of taxa and the phylogenetic relationships revealed by these analyses (Ball
& Avise, 1992; Haig & Winker, 2010; Zink, 2004). One study found that as few as 3% of
continentally distributed avian subspecies were supported by molecular evidence (Zink, 2004),
which highlights the potential for morphological and behavioral variation within a single genetic
species and emphasized the importance of using multiple methods to determine infraspecific taxa
(Haig et al., 2006; Haig & Winker, 2010).
The lack of common working definitions for subspecies and varieties has perhaps
contributed to the varied interpretations of taxonomic relationships within species and led to
discrepancies in reported numbers of infraspecific taxa (Haig et al., 2006; Haig & Winker, 2010).
The use of genetic analyses in recent decades has revealed greater levels of genetic diversity in
many taxa than was previously expected, leading to an increase in identified variations between
populations and in the numbers of reported species and subspecies (Agapow et al., 2004; Harris
& Froufe, 2005). Smaller scale studies without species-based parameters for analysis can make
some of this genetic variation appear greater than it would in context and perhaps incorrectly
elevate certain populations to the rank of species or subspecies (Amadon & Short, 1992; Isaac et
al., 2004). Falsely inflated numbers of reported taxa result in artificially decreased per-taxon
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population sizes, thereby increasing the number of taxa in need of conservation (Agapow et al.,
2004; Isaac et al., 2004).
Despite these concerns, the use of molecular techniques has elucidated the phylogenetic
relationships of taxa that were historically difficult to distinguish by traditional methods and
species definitions, including many asexual or cryptic species (Agapow et al., 2004; Brock et al.,
2018; Kinosian et al., 2020; Knapp et al., 2005; Lopez-Gonzalez et al., 2021). Indeed, many of
the newly described species that account for increases in overall numbers are found among
insects, fungi, and ferns – taxonomic groups that have traditionally been understudied and
morphologically cryptic (Harris & Froufe, 2005; Knapp et al., 2005). Genetic analyses have been
routinely incorporated into new species descriptions (R. L. Johnson et al., 2016; Krapp et al.,
2014) and used to substantiate previously described taxa (Ruiz et al., 2021; Trucchi et al., 2017;
Uckele et al., 2021). Molecular techniques provide a more in-depth view of genetic variation
across species ranges and can identify distinct geographic groups and infraspecific taxa (Agapow
& Sluys, 2005; Avise & Walker, 1999; Haig & Winker, 2010). The amount of genetic diversity
found within different taxa can vary, making it impossible to universally define an amount of
variation that would qualify a species, subspecies, or variety (Haig & Winker, 2010; Harris &
Froufe, 2005). Instead, a standardized definition based on relative genetic divergence from
sibling or parent taxa could be adopted that would help genetically define species and subspecies
across taxonomic groups and increase the comparability of different species concepts and lists
(Avise & Walker, 1999; Haig & Winker, 2010; Harris & Froufe, 2005; Knapp et al., 2005).
The biological species concept emphasizes the importance of reproductive isolation and a
shared gene pool in determining what constitutes a species (Agapow et al., 2004; Mayr, 1963).
While there is no universally accepted definition for a subspecies, unique traits and relative
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isolation are two population-level characteristics commonly used in identifying and
distinguishing ranks below the species level (Amadon & Short, 1992; Haig et al., 2006; Mayr,
1963, 1969). Without a reproductive isolating mechanism, subspecies are often defined by
geographic separations and will hybridize in areas where their ranges overlap (Amadon, 1949;
Amadon & Short, 1992; Haig et al., 2006; Haig, Mullins, & Forsman, 2004). Unlike with most
interspecific hybridizations, which can often result in sterility and reduced fitness (Arnold et al.,
1999; Murray & Young, 2001; Schluter, 2009), hybridization between intraspecific taxa tend to
produce genetically more diverse individuals without additional negative traits (Amadon &
Short, 1992; Jackiw et al., 2015). Hybrids are not specifically included within the ESA so there is
a lack of overarching guidance on the inclusion and protection of these populations (Haig &
Allendorf, 2006; Jackiw et al., 2015; Lind-Riehl et al., 2016). Hybrid taxa at the species and
subspecific rank are generally considered for protection on a case-by-case basis with an
emphasis on their ecological role and evolutionary importance to their parent taxa (Haig &
Allendorf, 2006; Haig et al., 2006; Jackiw et al., 2015; Lind-Riehl et al., 2016). Hybrid
populations with threatened or endangered parentage are usually considered eligible for
protection under similarity of appearance, while hybrids of more common taxa are considered on
the basis of their impacts on the greater ecological community (Haig & Allendorf, 2006; Jackiw
et al., 2015). In unique situations, listed taxa may have evolved from hybridization events
between two other taxa and therefore may have unclear protection status (Zhang et al., 2020).
Clearly, up-to-date taxonomic information is crucial for the protection of listed taxa and
the effectiveness of related conservation activities is dependent upon the quality of the
underlying research (Haig et al., 2006, 2015; Lozano et al., 2007). Taxa can be removed from
national and global protected species lists as a result of taxonomic changes (Haig & Allendorf,
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2006; Haig et al., 2006; Haines et al., 2021) and proposed taxa may be denied listing due to a
lack of genetic information, as was the case for the southern torrent salamander (Rhyacotriton
variegatus; M. P. Miller et al., 2006; USFWS, 2000; Wagner et al., 2006). Since the introduction
of molecular techniques to taxonomy, genetic analyses have been used to verify the phylogenetic
identity of many previously listed taxa (Haig et al., 2006). While some listed subspecific taxa
have held up under scrutiny, such as the Florida panther (Felis concolor coryi), the northern
spotted owl (Strix occidentalis caurina), and the marbled murrelet (Brachyrampus marmoratus
marmoratus), others have not (Haig et al., 2006). The ESA listed threatened Preble’s jumping
mouse (Zapus hudsonius preblei), for example, was not distinguishable through cranial
morphometrics, mitochondrial deoxyribonucleic acid (mtDNA) haplotypes, or nuclear
microsatellites from the other two subspecies of Z. hudsonius (Ramey et al., 2005). Cranial
morphometrics (Larson, 1997) and mtDNA analyses (Eizirik et al., 2001) of jaguar (Panthera
onca) subspecies found up to four somewhat geographically isolated groups, but none that were
distinctive enough to merit the rank of subspecies. The listing of unsupported taxa can reduce the
conservation resources for other listed taxa and have negative economic consequences. The
endangered dusky seaside sparrow (Ammodramus maritimus nigrescens) was part of an
extensive captive breeding program that crossed 5 of the 6 remaining individuals with members
of the closely related Scott’s seaside sparrow (Ammodramus maritimus peninsulae), however
later genetic analyses determined that the dusky seaside sparrow was not distinctly different from
any of the seaside sparrows found along the Atlantic coast and should not have been the focus of
conservation efforts (Avise & Nelson, 1989). In southern California, the listing of the threatened
California gnatcatcher (Polioptila californica) limited development in the California coastal sage
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scrub habitat until mtDNA analyses determined that these populations were not genetically
distinct from the extensive Baja California populations (Zink et al., 2000).
Genetic Data and Conservation
The study and applications of conservation genetics have primarily focused on rare
species and consequences of small or decreasing populations sizes (Kramer & Havens, 2009).
Population size is positively correlated with fitness and genetic variation, particularly in wild
populations and in self-incompatible species (Leimu et al., 2006). Small populations tend to have
fewer alleles, lower proportions of polymorphic loci, and lower expected heterozygosity, putting
them at a greater risk of inbreeding depression (Ellstrand & Elam, 1993; Kramer & Havens,
2009; Leimu et al., 2006). Individual rates of gene flow increase as population size decreases,
increasing the possibility of spreading deleterious alleles (Ellstrand, 1992b). Natural processes
such as genetic drift may result in higher differentiation among populations and the fixation of
alleles (Ellstrand & Elam, 1993; Kramer et al., 2011; Leimu et al., 2006). Congeneric
hybridization is also possible in many perennial taxa, particularly between species that have high
sexual compatibility, and may result in outbreeding depression impacting locally adapted traits
(Ellstrand, 1992b; Ellstrand & Elam, 1993; Kramer & Havens, 2009).
Outside of population size and stochastic processes, the most impactful elements
affecting genetic structure and diversity are life history traits, ecological relationships, and
landscape features (Ellstrand & Elam, 1993; Kramer et al., 2008; Kuo & Avise, 2005). Life span
and generation time influences the strength of the relationship between these elements and their
associated genetic consequences, with impacts seen sooner in shorter-lived species (Ellstrand,
1992a; Leimu et al., 2006). Mating system also has a significant impact on genetic structure and
connectivity, with higher genetic diversity between populations and lower genetic diversity
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within populations of self-compatible species than self-incompatible species (Ellstrand & Elam,
1993; Hamrick & Godt, 1996; Kramer & Havens, 2009; Leimu et al., 2006; Wolfe et al., 2014).
Pollen dispersal tends to be less geographically restricted than seed dispersal and therefore can
have a greater impact on genetic connectivity (Ellstrand, 1992a, 1992b; Kramer & Havens, 2009;
Kramer et al., 2008). Specific pollination syndromes impact connectivity differently based on
differences in pollinator ranges and patterns of movement (Ellstrand & Elam, 1993; Kramer et
al., 2011). Landscape features can act as barriers to gene flow and provide unique habitats that
may encourage further isolation and divergence (Kramer et al., 2011; Kruckeberg, 1986; Kuo &
Avise, 2005).
Estimating levels of genetic diversity, structure, and connectivity for rare and endemic
species can help land managers improve the efficacy of conservation management plans by
identifying priority populations and effective population sizes (Andrews et al., 2016; Ellstrand,
1992b; Ellstrand & Elam, 1993; Frankham, 2010; Hartvig et al., 2020; Kramer & Havens, 2009;
Lee et al., 2019; Wolfe et al., 2014). Correct identification of appropriate Management Units
(MU) and Analytical Units for Species Status Assessments (SSA) is the basis of effective
conservation actions for rare species (USFWS, 2003; Wagner et al., 2006). MUs within species
represent geographic and genetic groupings and can be used to help maintain historic levels and
directions of gene flow between populations (Mercer et al., 2013; M. P. Miller et al., 2006;
Wagner et al., 2006). Genetic analyses can be used to help identify MUs and are recommended
for greater accuracy in Population Viability Analyses (PVA) (Ellstrand & Elam, 1993;
Frankham, 2010; USFWS, 2003). For example, molecular techniques have been successfully
used to identify MUs for the southern torrent salamander (Rhyacotriton variegatus; M. P. Miller
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et al., 2006) and encourage historical genetic connectivity between populations of the doublecrested cormorant (Phalacrocorax auratus; Mercer et al., 2013).
In taxa with less gene flow between populations, as with some sedentary or habitatrestricted species, conservation targets often prioritize the maintenance of many separated and
genetically distinct populations. Both Bruan’s rockcress (Boechera perstellata, Brassicaceae;
Baskauf et al., 2014) in Tennessee and Kentucky and Lewton’s polygala (Polygala lewtonii,
Polygalaceae; Swift et al., 2016) in Florida are selfing species that maintain most of their genetic
diversity between populations, therefore conservation efforts should target as many distinct
populations as possible. Geographic barriers can also create these types of localized genetic
groups, like mountains in the case of cheddar pink (Dianthus gratianopolitanus,
Caryophyllaceae; Putz et al., 2015) in Germany and Switzerland or large bodies of water as in
the case of Elaeagnus macrophylla (Elaeagnaceae; Y. Wang et al., 2020) in East Asia island and
coastal habitats. Other listed species may exhibit similar patchy distributions of genetic diversity
due to human-influenced habitat fragmentation and bottleneck effects, as seen in Horsfieldia
tetratepala (Myristicaceae; Cai et al., 2021) in China and Sarracenia alabamensis, S. jonesii, and
S. oreophila (Sarraceniaceae; Furches et al., 2013) in Alabama, Georgia, North Carolina, and
South Carolina, USA. Some taxa exhibit greater genetic connectivity between populations and
should be managed to maintain that gene flow, whether in the form of protected “stepping stone”
populations as would benefit Crepis mollis (Asteraceae; Duwe et al., 2018) in Germany or in the
form of assisted genetic transfer through pollen, seed, or live propagation, as suggested for
Cypripedium macranthos var. rebunense (Orchidaceae; Izawa et al., 2007) on Rebun Island,
Japan, and populations of Elaeagnus macrophylla (Elaeagnaceae; Y. Wang et al., 2020) found
on Nanji Island and in Da Rushan, China.
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Historical genetic variation and connectivity is also essential to planning effective captive
breeding or reintroduction programs (Frankham, 2010; Haines et al., 2021; Santamaria &
Mendez, 2012), as was the case with the California condor (D’Elia, 2014). Genetic analyses can
be used to ensure these projects do not unintentionally result in founder effects, inbreeding, or
outbreeding depression by targeting genetically diverse populations for collection (Frankham,
2010; Kaulfuβ & Reisch, 2017). While in some taxa genetic diversity is positively correlated
with population size, as in the hybrid peony (Paeonia hybrida, Paeoniaceae; Red’kina et al.,
2008) in Russia, many rare plant taxa occur in isolated patches with much higher diversity
between than within populations (Kaulfuβ & Reisch, 2017). In these instances, collections for
captive breeding should represent as many unique populations as possible and restoration efforts
should try to maintain the genetic integrity of geographic groups, as recommended for
Cochlearia bavarica (Brassicaceae; Kaulfuβ & Reisch, 2017) in Germany, Horsfieldia
tetratepala (Myristicaceae; Cai et al., 2021) in China, and Lewton’s polygala (Polygala lewtonii;
Polygalaceae; Swift et al., 2016) in Florida, USA.
Hybridization between ESA listed and non-listed taxa can pose challenges for protection
and management, as in the cases of the spotted owl (Strix occidentalis; Haig, Mullins, Forsman,
et al., 2004), the Florida panther (Felix concolor coryi), the grey wolf (Canis lupus), the red wolf
(Canis rufus), and the dusky seaside sparrow (Ammodramus maritimus nigrescens) (O’Brien &
Mayr, 1991). Protection of hybrids between listed taxa can also be challenging and unclear, as in
the case of Rhododendron pubicostatum (Ericaceae) in China, a hybrid of the endangered R.
bureavii and the endangered R. sikangense var. exquisitum (Zhang et al., 2020). In wild
populations with suspected hybridization, genetic analyses can determine the amount and rates of
hybridization and can identify possible outbreeding depression, even in cases where the taxa and
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hybrids are difficult to distinguish morphologically (Ellstrand, 1992b; Ellstrand & Elam, 1993;
Haig, Mullins, Forsman, et al., 2004; Kramer & Havens, 2009). This allows managers to
prioritize the conservation of populations that would protect the greatest amount of diversity and
avoid those that show hybridization with other taxa. Identifying the geographic boundaries of
hybridizing populations is just as important as determining the levels and consequences of
hybridization in effectively managing and protecting listed species (W. Funk et al., 2008; Haig et
al., 2006). Subspecies hybridizations between northern (Strix occidentalis caurina), California
(S. o. occidentalis), and Mexican spotted owls (S. o. lucida) have been studied through a variety
of molecular techniques and the results of these analyses have been used to identify ESUs and
potential MUs for the ESA (W. Funk et al., 2008; Haig, Mullins, & Forsman, 2004; Haig et al.,
2001; USFWS, 2003).
Despite the importance of genetic research for the conservation of listed species,
management agencies can lack personnel with the means to conduct or sometimes even interpret
these studies (Haig et al., 2006, 2015; Jackiw et al., 2015; Lind-Riehl et al., 2016; Lozano et al.,
2007). Some of this disconnect may be the result of a gap between published taxonomic studies
and the taxonomic needs of conservation biologists (Dubois, 2003; Kim & Byrne, 2006). While
many taxonomic works do focus on species of concern, there is often an emphasis on single
species and may ignore the community relationships that are important in conservation planning
(Kim & Byrne, 2006). Another concern is that inconsistent species
definitions and methodology may result in incomparable taxonomic lists for different
conservation areas that may falsely conflate or inflate the number of species that warrant
protection (Kim & Byrne, 2006). The incorporation of genetic analyses into conservation
research has provided more clarity on taxonomic relationships and certainty in prioritizing
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specific conservation activities (Coyne, 1992; Dubois, 2003; Lankau et al., 2010; Santamaria &
Mendez, 2012). These molecular techniques have been used to identify high diversity
populations, current and historical gene flow, and hybridization events and are already being
used to produce clear, specific targets and recommendations for conservation managers (Lankau
et al., 2010; Santamaria & Mendez, 2012).
While historical applications of genetic analysis for rare plants were limited due to the
requirement for large quantities of starting tissue and a limited ability to distinguish between
fine-scale differences, developments in Next Generation DNA Sequencing (NGS) over the past
decade allow detailed genetic information to be collected from very small samples of tissue and
are now being used with many rare plant species (Andrews et al., 2016; Baird et al., 2008; Davey
& Blaxter, 2011; Hartvig et al., 2020; Lee et al., 2019; Peterson et al., 2012). Restriction siteAssociated DNA sequencing (RADseq), specifically, provides a high level of clarity on
relationships between genetically similar taxa, such as recently diverged species or subspecies
(Davey & Blaxter, 2011; Eaton & Ree, 2013; Roda et al., 2013; Trucchi et al., 2017). It has been
successful in identifying fine scale genetic differences between individuals and populations and
can be used to infer historical population dynamics and identify instances of divergent and
parallel evolution (Roda et al., 2013; Trucchi et al., 2017; Zhong et al., 2019). These populationlevel analyses can estimate levels of genomic diversity, inbreeding, population structure, and
dispersal and identify effective population sizes and ESUs (Andrews et al., 2016; Lee et al.,
2019).
Study System
Penstemon is a large plant genus that is strongly endemic to North America (Nold, 1999;
Wolfe et al., 2006), with only three of its two hundred and eighty species found outside the
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region (Freeman, 2021). It is the third largest plant genus in North America in terms of number
of species, behind Carex (Cyperaceae) and Astragalus (Fabaceae) (Freeman, 2021). The genus
Penstemon is divided into two subgenera: Penstemon and Dasanthera (Freeman, 2021).
Penstemon subgenus Dasanthera is small, containing only one section, Erianthera, with ten
species (Freeman, 2021). Penstemon subgenus Penstemon is considerably larger, containing the
remaining species in fifteen sections: Ambigui (two species), Baccharifolii (one species),
Bridgesiani (one species), Caespitosi (eleven species), Chamaeleon (four species), Coerulei
(twenty species), Cristati (thirty-one species), Dissecti (one species), Elmigera (eight species),
Gentianoides (eleven species), Glabri (forty-four species), Penstemon (sixty-two species),
Petiolati (one species), Sacanthera (twenty-seven species), and Spectabiles (sixteen species)
(Freeman, 2021).
It is estimated that the Penstemon genus originated 3.62 million years ago, near the
Pliocene/Pleistocene boundary (Wolfe et al., 2021). Penstemon spread across North America,
halted periodically by glaciations that restricted the range of many populations (Ehlers &
Gibbard, 2007; Wolfe et al., 2006, 2021). Phylogenetic analyses (Wessinger et al., 2016; Wolfe
et al., 2006, 2021) support continental radiation through rapid speciation events, likely
influenced by these periods of glaciation and the formation of “sky island” refugia in the
mountains of western North America (Hewitt, 2004; Wolfe et al., 2006, 2021). The geographic
patterns of diversity in Penstemon suggest a high occurrence of founder-event speciation as
individuals dispersed into historically unoccupied regions with potentially restricted gene flow
(Dockter et al., 2013; Wolfe et al., 2021). These new habitats also encouraged niche adaptations
that resulted in the evolution of many endemic Penstemon species that specialize in unique soil
types, such as deep sand, oil shale, and limestone-derived soils (Wolfe et al., 2021). Pollinator
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relationships have played a significant role in Penstemon evolution and diversification, as
evidenced by the variation in floral morphology exhibited in the genus (Wolfe et al., 2021). Bee
and wasp pollinated Penstemon species tend to show reduced genetic cohesion compared to
hummingbird pollinated species, leading to greater diversification (Wessinger et al., 2019;
Wilson et al., 2007). Ancestral Penstemon species were solely pollinated by bees and wasps,
which likely contributed to the rapid divergence of geographically isolated populations (Kramer
et al., 2011; Wilson et al., 2007; Wolfe et al., 2014).
The level of diversity and specialization in Penstemon has resulted in a high occurrence
of strict endemics across the genus, many of which have been candidates for listing with the ESA
(Nold, 1999; Rodriguez-Pena et al., 2018; Wolfe et al., 2006, 2021; Zacarias-Correa et al., 2020).
Edaphically specialized taxa can exhibit strict habitat and range barriers based on the distribution
of unique soils, which makes them particularly susceptible to disturbances at the population
level, such as encroachment, invasive species, or natural disasters (Fertig & Thurston, 2003;
Fertig & Welp, 2001; Kruckeberg, 1986). The U.S. Fish and Wildlife Service (USFWS) has
listed two species of Penstemon as endangered, P. penlandii in Colorado and P. haydenii in
Wyoming and Nebraska, and one species as threatened, P. debilis also found in Colorado (Table
2; USFWS, 2022b). NatureServe lists those three and nine additional Penstemon species at G1
with thirty-five more listed at G2 (NatureServe, 2022c). Eighteen of these species are endemic to
the Rocky Mountains and Utah, making this region of particular importance in global Penstemon
conservation (NatureServe, 2022c). Sections Glabri (9; Freeman, 2020b), Cristati (7; Freeman,
2020a), and Penstemon (6; Freeman, 2022) contain the highest number of G2 species with most
species of conservation concern located in the Western US (NatureServe, 2022c).
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Table 2
The Total Number of Species, the Number of Taxa Listed as Endangered and Threatened, and
the Number of Species Listed as Critically Imperiled (G1), Imperiled (G2), and Vulnerable (G3)
by NatureServe Found Within the Genus Penstemon, Within Penstemon Section Cristati, and
Within Penstemon Found in Colorado and Utah (Freeman, 2021; NatureServe, 2022c; USFWS,
2022b).
Number
of species

ESA
Endangered

ESA
Threatened

NatureServe
G1

NatureServe
G2

NatureServe
G3

Penstemon

280

2

1

13

35

66

Section
Cristati

31

0

0

3

7

11

Colorado
and Utah

100

1

1

7

17

28

Penstemon Section Cristati (Rydberg) Pennell is the third largest section in the genus
Penstemon, containing thirty-one species of which twenty-nine are considered endemic where
they are found (Freeman, 2020a). There are two species in section Cristati that are listed at
G1/S1 by NatureServe, all of which are found only in Utah (Table 2; NatureServe, 2022c). There
are seven species that are listed at G2, two of which are only found in Utah with another two that
are endemic to Utah and Colorado (NatureServe, 2022c). Of the remaining twenty-one species in
Penstemon section Cristati, eleven are listed at G3 and six of those also have their distributions
centered around Utah (Table 2; NatureServe, 2022c). Unfortunately, there are only nine species
in this section that are listed as apparently secure and one confirmed secure according to
NatureServe (NatureServe, 2022c). Taxa in this section are characterized by pubescent leaves,
glandular flowers, and prominent hairs that cover more than half the length of the staminodes
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(Freeman, 2020a; Keck, 1938). They are mainly calciphiles that have habitats restricted to soils
with calcium carbonates (Freeman, 2020a).
Two members of Section Cristati that are listed at G2 are the focus of the current study
examining taxonomic relationship and protective status: Penstemon acaulis L.O. Williams
(Williams, 1934) and Penstemon yampaensis C.W.T. Penland (Penland, 1958) (Jouseau, 2012;
NatureServe, 2022c). These taxa are very similar in appearance, with distinctions mostly based
on leaf size, and therefore have been treated as varieties of the same species in some floras
(Neese, 1986; Weber & Wittmann, 2001; Welsh et al., 2016) and as distinct species in others
(Ackerfield, 2015; Freeman, 2020a). They are regionally endemic to northwest Colorado,
northeast Utah, and southwest Wyoming, with P. acaulis in the west side of the range and P.
yampaensis in the east side (Figure 1) (Ackerfield, 2015; Jouseau, 2012; Welsh et al., 2016). In
northeast Daggett County, Utah, P. acaulis occurs alongside P. yampaensis and individuals in
that area have been described as morphological transitions between the two taxa (Fertig, 1999;
Jouseau, 2012; Welsh et al., 2016).
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Figure 1
Distribution of Penstemon acaulis and P. yampaensis.

Note. Data downloaded from SEINet on 2/20/2022 (SEINet, n.d.-a, n.d.-b).
Penstemon acaulis
Penstemon acaulis is a diminutive plant that reaches only about 20 mm in height (Figure
2) (Dorn, 2001; Welsh et al., 2016; Williams, 1934). The leaves are linear, entire, and papillatescabrose (Welsh et al., 2016; Williams, 1934). Leaves grow to about 20 mm long by 1.6 mm
wide and arise in dense clusters from the bases of plants (Dorn, 2001; Welsh et al., 2016;
Williams, 1934). Flowers are solitary and sessile, remaining among the basal leaves throughout
flowering (Dorn, 2001; Welsh et al., 2016). The calyx is five-cleft, 5(-8) mm long, and typically
glandular-puberulent (Dorn, 2001; Welsh et al., 2016; Williams, 1934). The corolla is usually 15
mm long, blue, and contains a yellow-bearded staminode (Dorn, 2001; Welsh et al., 2016;
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Williams, 1934). Fruits are persistent at maturity and usually end up buried next to their mother
plants or moved only slightly by water or soil disturbance (Keck, 1937; Welsh et al., 2016).
Seeds capsules are indehiscent at maturity and seem to require years of underground decay in
order to release the seed (Keck, 1937; Welsh et al., 2016).
Figure 2
Penstemon acaulis Photographed by Juliet Simpson on 6/4/2021 in Manila, UT.

Penstemon acaulis is found on dry hills and ridges either in rocky, gravelly soils or
recently eroded deposition fans (Dorn, 2001; Jouseau, 2012; Welsh et al., 2016). The soils tend
to be shallow and well-draining with low water capacity and low organic content (Jouseau,
2012). The soil textures range from channery fine through very stony sandy loam to unweathered
bedrock (Jouseau, 2012). Penstemon acaulis has been found on calcareous soil types, including
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limestone, gypsum, and shale, that tend to be basic to strongly basic and low in nitrogen and
phosphorous (Jouseau, 2012; Penland, 1958). This species tends to grow in sparsely vegetated
open spaces, which may be caused by growth-stunting levels of phosphorous and nitrogen in the
soil that impact other taxa (Dorn, 2001; Jouseau, 2012; Welsh et al., 2016). It is often found in
areas dominated by sagebrushes Artemisia nova and A. tridentata and perennial bunch grasses
with various cushion plants, including Arenaria hookeri, Hymenoxys acaulis, Oxytropis sericea,
Lesquerella species, and Phlox hoodia (Figure 3) (Jouseau, 2012, pg. 11). Environmental niche
modeling for P. acaulis found that the amount of precipitation during the wettest month (33.07
mm) was the most impactful climatic element determining distribution, followed by mean
temperature of the driest quarter (-4.73°C) (Wenzel, 2016). Predicted suitable habitat extends
into Nevada, much farther west than the current species range, which suggests other factors may
limit distribution (Wenzel, 2016).
Penstemon acaulis is endemic to Sweetwater County, Wyoming, and Daggett County,
Utah, where it is found primarily on federally owned land (Fertig & Welp, 2001; Jouseau, 2012).
In Wyoming there are currently twelve known occurrences around McKinnon, WY, and Flaming
Gorge National Recreation Area that contain an estimated total of over forty-three thousand
individuals (Jouseau, 2012). There are five known occurrences in Utah from around Flaming
Gorge National Recreation Area, Ashley National Forest, and Bureau of Land Management
(BLM) land in northeast Daggett County, UT (United States Forest Service [USFS], 2016; Utah
BLM, 2018). One of these occurrences, Utah #001 on the slopes of Phil Pico Mountain, contains
over two hundred thousand estimated individuals while the other four occurrences contain a
combined total of slightly under fifteen thousand individuals, making it by far the largest
grouping of individuals in this taxon (Fertig, 1999; Fertig & Welp, 2001; Jouseau, 2012).
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Figure 3
Penstemon acaulis Habitat Photographed by Mitchell McGlaughlin on 5/28/2020 in Manila, UT.

Penstemon acaulis reproduces via seed and there is no published information on selfcompatibility (Dorn, 2001; Jouseau, 2012; Welsh et al., 2016). It flowers May through June and
is pollinated by small native bees and flies (Dorn, 2001; Jouseau, 2012; Welsh et al., 2016).
Penstemon acaulis is a listed as a Sensitive Species for the U.S. Forest Service (USFS)
and the Bureau of Land Management (BLM) (Jouseau, 2012; NatureServe, 2022a; USFS, 2016;
Utah BLM, 2018; Wyoming BLM, 2010) and is listed at G2 and S1 in both Utah and Wyoming
(Jouseau, 2012; Utah BLM, 2018). In 1985 the U.S. Fish and Wildlife Service determined that it
was not a candidate for listing under the ESA because the species was more abundant than
previously thought (USFWS, 1985), however in 1993 it was included as a Category 2 (C2)
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candidate for listing, indicating that the species might warrant listing but the U.S. Fish and
Wildlife Service lacked the necessary data to make a determination at that time (USFWS, 1993).
In 1996 the USFWS removed the Category 2 program without a determination being made on
the status of P. acaulis (USFWS, 1996).
While P. acaulis is listed as sensitive species, there is no protected habitat for it and the
Forest Service and BLM lands on which it is found are actively managed for multiple use
activities that may threaten current populations (Fertig & Welp, 2001; Jouseau, 2012).
Recreational use is incredibly high surrounding the Flaming Gorge National Recreation Area in
both Utah and Wyoming and construction of the dam is thought to have extirpated two
historically identified populations of P. acaulis (Fertig & Welp, 2001; Wyoming BLM, 2010).
Trampling by cattle and off-road vehicle use have been observed to negatively impact the health
of individual plants, though the long-term impacts have not been monitored (Fertig & Welp,
2001; Jouseau, 2012; Wyoming BLM, 2010). Oil and gas extraction is abundant on BLM land
around Brown’s Park National Wildlife Refuge and Clay Basin Wildlife Management Area, UT,
and the transport of material and possibility of future development may destroy P. acaulis habitat
(Jouseau, 2012). As described above, Penstemon acaulis is typically found in more bare habitats
with low shrub cover and graminoid densities, indicating they are poor competitors and might be
better adapted to conditions mimicking earlier successional environments (Fertig & Welp, 2001;
Jouseau, 2012). This raises concerns about the resiliency of these populations in the face of local
vegetation changes, specifically if the density of graminoids and weeds increases, due to fire,
cattle grazing, irrigation, and other types of landscape-scale disturbance (Fertig & Welp, 2001;
Jouseau, 2012; Wyoming BLM, 2010). As with many other plant species, P. acaulis may be
threatened by climate change-related decreases in native pollinator populations and shifts in
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phenology that are more prevalent in sagebrush habitat (Jouseau, 2012; Kramer & Havens, 2009;
Munson & Sher, 2015).
Penstemon yampaensis
Penstemon yampaensis is a low-growing plant that reaches to about 30 mm tall (Figure 4)
(Ackerfield, 2015; Penland, 1958). The leaves are entire, oblanceolate, cinereous, and scabropubescent (Ackerfield, 2015; Penland, 1958; Welsh et al., 2016). Leaves can grow to 30 mm
long by 5 mm wide and arise in clusters at the bases of plants (Ackerfield, 2015; Penland, 1958;
Welsh et al., 2016). Each ultimate branch can grow two to six flowers that may appear nestled
within the leaves (Ackerfield, 2015; Penland, 1958; Welsh et al., 2016). The calyx can grow to 9
mm long and is viscid-puberulent (Ackerfield, 2015; Penland, 1958; Welsh et al., 2016). The
corolla is usually 15-18 mm long and lilac with a golden staminode (Ackerfield, 2015; Penland,
1958; Welsh et al., 2016). Fruits are persistent, indehiscent capsules that don’t often travel far
from their mother plants (Penland, 1958; Welsh et al., 2016).
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Figure 4
Penstemon yampaensis Photographed by Juliet Simpson on 6/1/2021 in Northwest Moffatt
County, CO.

Penstemon yampaensis is found on dry hills and ridges either in rocky, gravelly soils or
steep, eroded deposition fans (Ackerfield, 2015; Jouseau, 2012). The soils are calcareous and
tend to be shallow and well-draining with low water capacity and low organic content (Jouseau,
2012). The soil textures range from channery fine through very stony sandy loam, to
unweathered bedrock (Jouseau, 2012). It tends to grow in sparsely vegetated open patches in
areas dominated by Artemisia nova and A. tridentata but has also been found in pinyon-juniper
communities (Jouseau, 2012). Associated vegetation includes many cushion plant species,
including Arenaria hookeri, Stenotus acaulis, Oxytropis sericea, Lesquerella species, and Phlox
hoodia (Figure 5) (Jouseau, 2012, pg. 26). Environmental niche modeling for P. yampaensis
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found that the mean temperature of the driest quarter (-5.88°C) was the most impactful climatic
element determining distribution, followed by the amount of precipitation during the wettest
month (32.12 mm) (Wenzel, 2016). Predicted suitable habitat extends farther west in Utah than
the current species range, suggesting other factors may limit distribution (Wenzel, 2016).
Penstemon yampaensis is endemic to Moffat County, Colorado, extending into eastern
Daggett County, Utah (Fertig, 1999; Jouseau, 2012). There are more than twenty-five
occurrences in Moffat County that are found primarily on BLM land (Colorado BLM, 2015;
Krening & Palmer, 2020). Occurrences outside of this area include herbarium specimen and
personal observations from areas around Clay Basin Wildlife Management Area and Brown’s
Park National Wildlife Refuge, Utah that are considered morphologically transitional between P.
acaulis and P. yampaensis (Fertig, 1999; Fertig & Welp, 2001; Jouseau, 2012). Plants have been
described as growing relatively abundantly throughout its range in scattered patches of about
twenty individuals, however no quantified population monitoring data is available to estimate
population sizes and total number of individuals (Jouseau, 2012).
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Figure 5
Penstemon yampaensis Habitat Photographed by Mitchell McGlaughlin on 6/27/2020 in
Northwest Moffatt County, CO.

Penstemon yampaensis flowers May through July and reproduces solely via seed
(Ackerfield, 2015; Jouseau, 2012). There is no published information on the self-compatibility,
but pollinators include small native bees and perhaps small flies and wasps, as with P. acaulis
(Ackerfield, 2015; Dorn, 2001; Jouseau, 2012; Welsh et al., 2016). Penstemon yampaensis seeds
become ripe between August and September (Jouseau, 2012) and are notoriously difficult to
germinate (Love & Stevens, 2021).
Penstemon yampaensis is listed as a Sensitive Species though the Bureau of Land
Management (Colorado BLM, 2015), is listed at G2, S1 in Utah and Wyoming (NatureServe,
2022b), and has moved up in Colorado’s State Heritage rank from vulnerable (S3) to imperiled
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(S2) (Colorado Natural Heritage Program, 2017; Jouseau, 2012). It was proposed for listing as a
Threatened Species under the ESA in 1980 (USFWS, 1980), however in 1985 the USFWS
determined that the taxon was more abundant than previously thought and therefore no longer a
candidate for listing (USFWS, 1985).
There is no protected habitat for P. yampaensis, despite it being listed as a sensitive
species with the BLM, and multi-use activities such as recreation and mining threaten some
populations (Jouseau, 2012). Mining and energy extraction require extensive development,
including razing land and creating or broadening primitive roads (Jouseau, 2012). These
roadways destroy and fragment available habitat and provide opportunity for invasion by nonnative species, both of which pose greater threats to rare and endemic taxa than to common taxa
(Leimu et al., 2006; Rabinowitz, 1981). Landscape-scale vegetation changes may also negatively
impact populations, specifically increases in graminoid and shrub density and encroachment of
pinon-juniper woodland into sagebrush habitat (Jouseau, 2012; R. F. Miller et al., 2008).
Penstemon yampaensis may also be threatened by the same climate change-related shifts in
pollinators and phenology that affects P. acaulis and other sagebrush species (Jouseau, 2012;
Kramer & Havens, 2009; Munson & Sher, 2015).
Penstemon acaulis and Penstemon
yampaensis Taxonomic History
Penstemon acaulis was originally identified in 1934 by L.O. Williams, who placed the
species in Penstemon section Caespitosi due to its cespitose growth and extremely reduced stem
(Williams, 1934). In 1937 D.D. Keck proposed a new Penstemon grouping, section Ericopsis
subsection Caespitosi, that included previous sections Caespitosi, Linarioides, and Laricifolii
(Keck, 1937). Penstemon yampaensis was first described as a close relative of P. acaulis in 1958
by C.W.T. Penland, who also recommended moving both species out of section Ericopsis
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subsection Caespitosi and into section Aurator (now Cristati) due to the blunt, smooth-walled
hairs found in both species and in other species in section Aurator (Penland, 1958). Recent
phylogenetic studies that included P. acaulis, P. yampaensis, and other Penstemon species
confirmed that P. acaulis and P. yampaensis belong in Section Cristati (Wenzel, 2016; Wolfe et
al., 2021).
The similarities between P. acaulis and P. yampaensis along with the occurrence of
morphologically intermediate populations in northeastern Utah led E.C. Neese to reclassify P.
yampaensis as P. acaulis var. yampaensis in 1986 (Neese, 1986; Welsh et al., 2016). Penstemon
acaulis and P. yampaensis are treated as two varieties of P. acaulis (var. acaulis and var.
yampaensis) in published floras for all three states they are found in: New Taxa and
Nomenclature Changes in Utah Penstemon (Neese, 1986), A Utah Flora (Welsh et al., 2016),
Colorado Flora: Western Slope (Weber & Wittmann, 2001), and Status of Stemless Beardtongue
(Penstemon acaulis var. acaulis) in Southwest Wyoming (Fertig & Welp, 2001). However, there
are three other floras that treat P. yampaensis as its own species, Ackerfield’s Flora of Colorado
(2015) the Intermountain Flora (Cronquist et al., 1984), and the Flora of North America
(Freeman, 2020a), and this treatment is supported by the Integrated Taxonomic Information
System (ITIS, 2021a, 2021b, 2021c) and NatureServe databases (NatureServe, 2022a, 2022b).
Recent analyses of nuclear and chloroplast loci from Penstemon taxa indicated close
relationships between P. acaulis, P. yampaensis, and P. duchesnensis compared to other
members of Section Cristati (Wenzel, 2016; Wolfe et al., 2021). Previous RADseq studies have
shown that chloroplast-based phylogenies may not be reliable due to introgression and
chloroplast transfer, particular in recently diverged taxa, therefore the relationship between P.

29
acaulis and P. yampaensis could benefit from additional analyses (Hudson & Coyne, 2002;
Uckele et al., 2021).

Thesis Summary
This thesis compares genetic and morphological traits of populations of Penstemon
acaulis and P. yampaensis across both species’ ranges to address eight questions related to the
relationship of these two taxa.
Chapter II: Genetic Distinction
and Diversity
There is currently no published research on population genetics and connectivity for
Penstemon acaulis or Penstemon yampaensis, however both are regionally listed as sensitive
species (Jouseau, 2012). Chapter II contains the results of genetic analyses of samples collected
from populations of P. acaulis and P. yampaensis that spanned the ranges of both species. These
samples were processed using a double digest RADseq protocol that can show differences
between individuals in populations in addition to identifying the genetic similarities between the
two taxa with more certainty than the current morphological descriptions (Ackerfield, 2015;
Jouseau, 2012; Welsh et al., 2016). These data will be used to answer four questions:
Q1

What is the genetic taxonomic placement of P. yampaensis and should it be
recognized at the level of species distinct from P. acaulis?

Q2

Is there evidence of hybridization among P. yampaensis and P. acaulis?

Q3

What is the genetic connectivity among populations within and among drainages?

Q4

Do populations of P. yampaensis and P. acaulis show evidence of inbreeding
and/or reduced genetic diversity?
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Chapter III: Morphological
Differences and Soil
Specificity
Penstemon acaulis and Penstemon yampaensis are very similar in appearance, as
suggested by the taxonomic uncertainty surrounding the two. Both are nearly stemless perennial
forbs that form dense mats from growth out of branching rootstocks (Ackerfield, 2015; Jouseau,
2012; Welsh et al., 2016). The main morphological distinction between Penstemon acaulis and
Penstemon yampaensis is in the number of flowers and the size of the leaves and flowers.
Penstemon acaulis usually has 1-2 flowers per inflorescence and P. yampaensis can have 2-6,
though this can be difficult to ascertain without being able to dissect the plants as they grow in
bunches (Ackerfield, 2015; Jouseau, 2012; Penland, 1958). The flowers of P. acaulis are
described as blue with a yellow beard and those of P. yampaensis are identified as more lilac
with an orange-gold beard (Ackerfield, 2015; Dorn, 2001; Jouseau, 2012; Penland, 1958; Welsh
et al., 2016; Williams, 1934). The leaves on P. acaulis can grow up to 1.6 mm wide and 2 cm
long whereas the leaves on P. yampaensis can get significantly larger, up to 4 (5) mm wide and 3
cm long (Ackerfield, 2015; Penland, 1958; Welsh et al., 2016). The flowers on P. acaulis are
also smaller, averaging 12-15 mm long versus 15-18 mm long on P. yampaensis (Ackerfield,
2015; Penland, 1958; Welsh et al., 2016). The combination of the larger corolla and greater
number of flowers gives P. yampaensis a more full and “robust” look compared to P. acaulis,
according to Jouseau (2012).
Unique geology and soils are both drivers of specialization and quality indicators of
potential habitat (Kruckeberg, 1986). Soil characteristics are particularly important in creating
niche habitats that may result in morphological changes or eventual genetic divergence
(Cavender-Bares et al., 2015). Successful habitat and distribution modeling therefore requires an
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accurate understanding of niche qualities, including soil, precipitation, temperature, and
topography, something that is particularly important in case of rare and endemic species (Fertig
& Thurston, 2003; Munson & Sher, 2015). Penstemon acaulis and P. yampaensis are known to
occur in shallow soils on calcareous soil types, including limestone, gypsum, and shale
(Ackerfield, 2015; Penland, 1958). Previous analyses of soil samples from P. acaulis and P.
yampaensis habitat revealed basic to strongly basic soils that, in some cases, had low levels of
nitrogen and phosphorous (Jouseau, 2012).
Chapter III examines morphological and soil data collected from six populations across
the range of P. acaulis and P. yampaensis. Morphology data included flower color and leaf
length and width. Soil samples were tested for pH and concentrations of calcium carbonate,
nitrogen, and phosphorous at the Colorado State University Soil Testing Laboratory
(https://soiltestinglab.colostate.edu/index.html; Bresowar & McGlaughlin, 2015; Fertig &
Thurston, 2003). These data are analyzed to answer four questions:
Q1

Do populations of P. acaulis and P. yampaensis display unique morphologies?

Q2

Do morphology differences align with genetic differences in populations of P.
acaulis and P. yampaensis?

Q3

Are there differences in soil pH or concentrations of calcium carbonate, nitrogen,
or phosphorous between P. acaulis and P. yampaensis habitat?

Q4

Do differences in soil characteristics align with differences in flower and leaf
morphology?

Chapter IV: Conservation
Recommendations
Chapter IV reviews the results of Chapters II and III in the context of conservation.
Morphological and phylogenetic data for Penstemon acaulis and P. yampaensis are compared to
help describe and delineate individuals of both taxa. Phylogeny, population genetic data, and soil
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analyses are interpreted to identify target populations for conservation and suggested
management activities. The validity of these species and the results of the population genetics
analyses will the basis for determining their need for protection.
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CHAPTER II
GENETIC INVESTIGATION OF
PENSTEMON ACAULIS AND
PENSTEMON YAMPAENSIS
Introduction
Genetics in Taxonomic
Identification
Genetics has proven to be a useful tool for identifying biodiversity and directing
conservation actions for maximum benefit. The use of genetic analyses in recent decades has
revealed greater levels of genetic diversity in many taxa than was previously expected, leading to
an increase in identified variations between populations and in the numbers of reported species
and subspecies (Agapow et al., 2004; Harris & Froufe, 2005). The amount of diversity found
within different taxa can vary, making it impossible to universally define a fixed amount of
variation that would qualify as a species, subspecies, or variety (Haig & Winker, 2010; Harris &
Froufe, 2005). Falsely inflated numbers of reported taxa result in artificially decreased per-taxon
population sizes, thereby increasing the number of taxa in need of conservation (Agapow et al.,
2004; Isaac et al., 2004). The listing of unsupported taxa can reduce the conservation resources
for other listed taxa and have negative economic consequences.
Fortunately, genetic data can be used to identify unique taxa through divergent lineages,
distinct populations with no interspecific gene flow, and genetic structure indicative of isolation
from other closely related taxa (Appelhans et al., 2020; Tripp et al., 2017; Uckele et al., 2021).
Up-to-date taxonomic information is crucial for the protection of listed taxa and the effectiveness

34
of related conservation activities is dependent upon the quality of the underlying research (Haig
et al., 2006, 2015; Lozano et al., 2007). Taxa can be removed from national and global protected
species lists as a result of taxonomic changes (Haig & Allendorf, 2006; Haig et al., 2006; Haines
et al., 2021) and proposed taxa may be denied listing due to a lack of genetic information, as was
the case for the southern torrent salamander (Rhyacotriton variegatus; M. P. Miller et al., 2006;
USFWS, 2000; Wagner et al., 2006). These revisions are often a result of circumscription
(Lozano et al., 2007) and can affect the conservation status of the taxa in question, as was the
case with Centaurium barrelieroides (Gentianaceae) and C. rigualii, two Mediterranean
endemics that were eventually identified simply as regional forms of the widespread C.
quadrifolium ssp. barrelieri not warranting conservation (Bayer & Lopez, 1991).
Molecular techniques provide an in-depth view of genetic variation across species ranges,
which is the basis of the distinct geographic components that would be identified as infraspecific
taxa (Agapow & Sluys, 2005; Avise & Walker, 1999; Haig & Winker, 2010). Geographic
barriers can create these types of localized genetic groups, like mountains in the case of cheddar
pink (Dianthus gratianopolitanus, Caryophyllaceae; Putz et al., 2015) in Germany and
Switzerland or large bodies of water as in the case of Elaeagnus macrophylla (Elaeagnaceae; Y.
Wang et al., 2020) in East Asia island and coastal habitats. Other listed species may exhibit
similar patchy distributions of genetic diversity due to human-influenced habitat fragmentation
and bottleneck effects, as seen in Horsfieldia tetratepala (Myristicaceae; Cai et al., 2021) in
China and Sarracenia alabamensis, S. jonesii, and S. oreophila (Sarraceniaceae; Furches et al.,
2013) in Alabama, Georgia, North Carolina, and South Carolina, USA.
The application of molecular techniques to taxonomic studies provides greater clarity into
the relationships between populations of species and can help distinguish infraspecific taxa from
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less distinct regional forms (Mayol & Rossello, 1999; Zink, 2004). This can lead to an increase
or decrease in the number of recognized species and impact the number of species in need of
conservation. For example, a revision of Silene subgenus Petrocoptis (Caryophyllaceae) based
on nuclear ITS sequences reduced the number and rank of recognized taxa from nine unique
species to four species and three subspecies (Mayol & Rossello, 1999).
Microsatellite data were used to analyze the relationship between Oreocarya paradoxa
and O. revealii (Boraginaceae), two recently diverged taxa with morphological discrepancies,
and results supported the taxonomic treatment as two distinct species, showing that genetic and
morphological differences between the two taxa were not correlated with soil type (Bresowar &
McGlaughlin, 2015). Analyses of AFLPs were used to resolve disagreements about the
phylogeny of Iberian endemic Narcissus Section Pseudonarcissi, describe species boundaries
within this section, and identify when geography played a role in genetic difference (Medrano et
al., 2014). RADseq data prove to be highly effective for examining taxonomic relationships
below the species level (Appelhans et al., 2020; Eaton & Ree, 2013). A phylogenetic study of
Hawaiian Myrsine (Primulaceae) using RADseq data revealed a pattern of historic radiation,
identified species boundaries, and found evidence of hybridization within some lineages
(Appelhans et al., 2020). Genetic analyses have also been routinely incorporated into new
species descriptions (R. L. Johnson et al., 2016; Krapp et al., 2014) and used to substantiate
previously described taxa (Haig et al., 2006; Ruiz et al., 2021; Trucchi et al., 2017; Uckele et al.,
2021). While historical applications of genetic analysis for rare plants were limited due to the
requirement for large quantities of starting tissue and a limited ability to distinguish fine-scale
differences, the developments in Next Generation DNA Sequencing (NGS) over the past decade
allow detailed genetic information to be collected from very small samples of tissue, and this
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technique is now being used with many rare plant species (Andrews et al., 2016; Baird et al.,
2008; Davey & Blaxter, 2011; Hartvig et al., 2020; Lee et al., 2019; Peterson et al., 2012).
Penstemon Genetics
Genetic analyses are particularly useful for determining species boundaries in recently
diverged, fast evolving groups, such as Penstemon. Penstemon is a large plant genus that is
strongly endemic to North America (Nold, 1999; Wolfe et al., 2006). It is estimated that
Penstemon originated 3.62 million years ago, near the Pliocene/Pleistocene boundary (Wolfe et
al., 2021). Penstemon spread across North America, halted periodically by glaciations that
restricted the range of many populations (Ehlers & Gibbard, 2007; Kimura et al., 2014; Wolfe et
al., 2006, 2021). Phylogenetic analyses (Wessinger et al., 2016; Wolfe et al., 2006, 2021) support
continental radiation through rapid speciation events, likely influenced by these periods of
glaciation and the formation of “sky island” refugia in the mountains of western North America
(Hewitt, 2004; Wolfe et al., 2006, 2021). The geographic patterns of diversity in Penstemon
suggest a high occurrence of founder-event speciation as individuals dispersed into historically
unoccupied regions with potentially restricted gene flow (Dockter et al., 2013; Wolfe et al.,
2021). These new habitats also encouraged niche adaptations that resulted in the evolution of
many endemic Penstemon species that specialize in unique soil types, such as deep sand, oil
shale, and limestone-derived soils (Wolfe et al., 2021). Pollinator relationships have played a
significant role in Penstemon evolution and diversification, as evidenced by the variation in
floral morphology exhibited in the genus (Wolfe et al., 2021). The level of diversity and
specialization in Penstemon has resulted in a high occurrence of strict endemics across the genus,
many of which have been candidates for listing with the ESA (Nold, 1999; Rodriguez-Pena et
al., 2018; Wolfe et al., 2006, 2021; Zacarias-Correa et al., 2020). The recent evolution of many
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Penstemon lineages can make it challenging to determine species boundaries with certainty,
however genetic analyses can be used to resolve these relationships.
Study System
Two members of Penstemon Section Cristati that are listed as globally imperiled are the
focus of the current study examining taxonomic relationships and protective status: Penstemon
acaulis L.O. Williams (Williams, 1934) and Penstemon yampaensis C.W.T. Penland (Penland,
1958). These taxa are very similar in appearance, with minor distinctions mostly based on leaf
size and floral morphology, and therefore have been treated as varieties of the same species in
some floras (Neese, 1986; Weber & Wittmann, 2001; Welsh et al., 2016) and as distinct species
in others (Ackerfield, 2015; Freeman, 2020a). The treatment of the taxa as two separate species
is also supported by the Integrated Taxonomic Information System (ITIS, 2021a, 2021b, 2021c)
and NatureServe databases (NatureServe, 2022a, 2022b). Penstemon acaulis and P. yampaensis
are regionally endemic to northwest Colorado, northeast Utah, and southwest Wyoming, with a
region in northeast Daggett County, Utah, where the two species have been described as
occurring alongside each other, and individuals have been described as morphological
intermediates between the two taxa (Ackerfield, 2015; Fertig, 1999; Jouseau, 2012; Welsh et al.,
2016). Recent genetic studies that included P. acaulis, P. yampaensis, and other Penstemon
species confirmed that P. acaulis and P. yampaensis belong in Section Cristati but could not
confirm that they were distinct species (Wenzel, 2016; Wolfe et al., 2021).
Penstemon acaulis is endemic to Sweetwater County, Wyoming, and Daggett County,
Utah (Jouseau, 2012; NatureServe, 2022a), where it is listed as a Sensitive Species for the U.S.
Forest Service (USFS, 2016) and the Bureau of Land Management (Utah BLM, 2018; Wyoming
BLM, 2010). It was included as a Category 2 (C2) candidate for listing under the ESA in 1993,
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indicating that the species might warrant listing, but the U.S. Fish and
Wildlife Service lacked the necessary data to make a determination at that time (USFWS, 1993).
In 1996 the USFWS removed the Category 2 program without a determination being made on
the status of P. acaulis (USFWS, 1996). Penstemon yampaensis is endemic to Moffat County,
Colorado (Fertig, 1999), where it is listed as a Sensitive Species though the Bureau of Land
Management (Colorado BLM, 2015), and perhaps into northeast Daggett County, Utah (Jouseau,
2012). It was proposed for listing as a Threatened Species under the ESA in 1980 (USFWS,
1980), however in 1985 the USFWS determined that the taxon was more abundant than
previously thought and therefore no longer a candidate for listing (USFWS, 1985).
While both taxa are listed as sensitive species, there is no designated protected habitat
and the public lands that they’re found on are actively managed for multiple use activities that
may threaten current populations (Fertig & Welp, 2001; Jouseau, 2012). Recreational use, dam
construction, and energy development destroy and fragment available habitat and provide
opportunity for invasion by non-native species, both of which pose greater threats to rare and
endemic taxa than common taxa (Fertig & Welp, 2001; Jouseau, 2012; Leimu et al., 2006;
Rabinowitz, 1981; Wyoming BLM, 2010). Penstemon acaulis and P. yampaensis are typically
found in relatively bare habitats with low shrub cover and graminoid densities, indicating they
are poor competitors and therefore susceptible to landscape-scale vegetation changes (Dorn,
2001; Fertig & Welp, 2001; Jouseau, 2012; R. F. Miller et al., 2008; Welsh et al., 2016;
Wyoming BLM, 2010). Penstemon acaulis and P. yampaensis are found on distinct calcareous
soil types,
including limestone, gypsum, and shale, which can limit potential habitat and make populations
more vulnerable to disturbance (Jouseau, 2012; Kruckeberg, 1986; Penland, 1958). As with
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many other plant species, P. acaulis and P. yampaensis may also be threatened by climate
change-related increases in temperature and decreases in precipitation and native pollinator
populations (Fertig & Thurston, 2003; Jouseau, 2012; Kramer & Havens, 2009; Munson & Sher,
2015; Wenzel, 2016).
Research Questions
There is currently no published research on population genetics and connectivity for
Penstemon acaulis or Penstemon yampaensis, however both are regionally listed as sensitive
species (Jouseau, 2012). The conservation needs and primary threats of these taxa change if they
are part of one wide-ranging species instead of two distinct species with much more limited
ranges, making them prime targets for genetic research. Previous genetic studies placed P.
acaulis and P. yampaensis in both Penstemon Section Aurator and Penstemon Section Cristati
but were unable to confirm the two taxa as distinct species. This research examined the genetic
relationship of P. acaulis and P. yampaensis using a RADseq protocol. These data will be used
to answer four questions:
Q1

What is the genetic taxonomic placement of P. yampaensis and should it be
recognized at the level of species distinct from P. acaulis?

Q2

Is there evidence of hybridization among P. yampaensis and P. acaulis?

Q3

What is the genetic connectivity among populations within and among drainages?

Q4

Do populations of P. yampaensis and P. acaulis show evidence of inbreeding
and/or reduced genetic diversity?

Methods
Field Methods
Penstemon acaulis and P. yampaensis were identified using Welsh et al.’s A Utah Flora,
5th Edition (2016) and Ackerfield’s Flora of Colorado (2015), which classify all individuals in
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Utah and Wyoming as P. acaulis and all individuals in Colorado as P. yampaensis. I chose
twelve populations to represent the entire range of both species (Figure 6) and sampled eighteen
to twenty individuals at each site. I collected herbarium specimens at each site and took GPS
points for each sampled individual. 1-2 grams of leaf tissue were collected from each sampled
individual and stored at freezing (V. Funk et al., 2017; Gostel et al., 2016).
Phylogenetic Sampling
Penstemon grahamii genetic data from another study in the McGlaughlin lab was
included in phylogenetic analyses as an outgroup. These data represented 11 populations in
Uintah County, UT, and Moffat County, CO.

41
Figure 6
Sites of Genetic Collections for Penstemon acaulis (Colored Circles and Squares) and Penstemon yampaensis (Colored Triangles and
Diamonds), Labeled From West to East.

Note. McKinnon is located just west of County Road 13. Species ranges are also shown for P. acaulis (white circles) and P.
yampaensis (grey circles) (SEINet, n.d.-a, n.d.-b).
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Genetic Analyses
DNA was extracted from ground leaf tissue using a modified CTAB protocol (Doyle &
Doyle, 1986). DNA was digested with EcoR1 and Mse1 enzymes (New England Biolabs,
Ipswich, MA) using a modified double digestion RADseq protocol (Tripp et al., 2017). Final
samples were pooled and sent to the University of Oregon Genomics and Cell Characterization
Core Facility (GC3F, Eugene, OR), where they underwent quality and size selection. GC3F also
prepared and sequenced libraries from samples using a HiSeq 4000 or NovaSeq platform
(Illumina; San Diego, CA). Data received from GC3F was cleaned using TRIMMOMATIC v
0.39 (Bolger et al., 2014) and demultiplexed using FASTQ-MULTX
(https://github.com/brwnj/fastq-multx). SNP loci were determined de novo using IPYRAD v
0.7.30 (Eaton & Overcast, 2020) with a minimum sampling per locus of 85%.
IPYRAD results were processed in GenoDive v 3.05 (Meirmans, 2020) to remove SNPs with
major allele frequency less than 0.05 or with more than 20% missing data. GenoDive was then
used to estimate genetic diversity, including average number of alleles (A), expected and
observed heterozygosity (HE and HO), and Inbreeding Coefficients (Gis), and measures of
genetic structure including pairwise genetic distances (FST and Nei’s D) and Analysis of
Molecular Variance (AMOVA; Excoffier & Lischer, 2010). GenoDive was also used to perform
a Principal Component Analysis (PCA) and a Mantel to identify patterns of isolation by distance.
FastSTRUCTURE v 1.0 (Raj et al., 2014) was used to assign portions of each individual’s
variation to a user-defined number of genetic clusters (Pritchard et al., 2000). Maximum
Likelihood (ML) phylogenetic trees supported by rapid bootstrap analysis were created using
RAxML v 8 (Stamatakis, 2014) using the GTRGAMMA model of rate heterogeneity, random
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seed number, and 1,000 replicates. The results were visualized using FigTree v 1.4.4
(https://github.com/rambaut/figtree/).
Results
In total, fifty Penstemon acaulis individuals were sampled from six populations and fiftyeight P. yampaensis individuals were sampled from six populations (Table 3). There were 7,051
loci and 32,364 SNPs in the original IPYRAD dataset. After removing any SNPs with an allele
frequency below 0.05 and more than 20% missing data, a total of 12,295 SNPs were retained. In
the phylogenetic dataset that included P. grahamii individuals there were 5,521 loci and 43,089
SNPs, all of which were included in the analysis.
Population-Level Diversity
There was limited variability in all measures of diversity among and between Penstemon
acaulis and P. yampaensis populations (Table 3). The average number of alleles within each
population ranged from 1.5 (W) to 1.7 (LR and BC), while the number of effective alleles was
1.3 for all populations (Table 3). Observed heterozygosity was highest in WR (0.21), followed
by CB and BC (0.20) and RT and LR (0.19) (Table 3). The remaining seven populations had an
observed heterozygosity of 0.18 (Table 3). The expected heterozygosity was highest in WR, BC,
and LR (0.22), followed by CB (0.21), and was lowest in W, SW, and ESR (0.19) (Table 3).
Inbreeding coefficients were highest in the McKinnon (McK) and LR populations (0.12 and
0.11, respectively) and lowest in the WR, Sand Wash (SW), and Elk Springs Ridge (ESR)
populations (0.06), with the rest ranging from 0.07 (CB) to 0.09 (Sand Wash (SW)) (Table 3).
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Table 3
Genetic Diversity Measures by Population, Including Number of Individuals Sampled (N), Number of Alleles (Na), Number of
Effective Alleles (Ne), Observed Heterozygosity (Ho), Expected Heterozygosity (He), and Inbreeding Coefficients (Gis).

Species
P. acaulis
P. acaulis
P. acaulis
P. acaulis
P. acaulis
P. acaulis
P. yampaensis
P. yampaensis
P. yampaensis
P. yampaensis
P. yampaensis
P. yampaensis

Population
code
McK
CR13
RT
W
WR
CB
BC
LR
SH
SW
ESR
SC

Location
McKinnon, Sweetwater County, WY
Sweetwater County Road 13, Sweetwater County, WY
Radio Tower on Connor Basin Road, Daggett County, UT
Washam Road, Sweetwater County, WY
Well Road 4300930043, Daggett County, UT
Clay Basin Wildlife Management Area, Daggett County, UT
Bull Canyon, Moffatt County Road 170, Moffatt County, CO
Limestone Ridge North, Moffatt County, CO
Smelter Hill, Moffatt County, CO
Sand Wash Basin, Moffatt County, CO
Elk Springs Ridge, Moffatt County, CO
Spring Creek, Maybell Park, Moffatt County, CO

N
9
10
10
5
7
9
10
10
10
10
11
7

Na
1.6
1.6
1.6
1.5
1.6
1.6
1.7
1.7
1.6
1.6
1.6
1.6

Ne
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3

Ho
0.18
0.18
0.19
0.18
0.21
0.20
0.20
0.19
0.18
0.18
0.18
0.18

He
0.20
0.20
0.20
0.19
0.22
0.21
0.22
0.22
0.20
0.19
0.19
0.20

Gis
0.12
0.09
0.08
0.07
0.06
0.07
0.08
0.11
0.09
0.06
0.06
0.08
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Phylogeny
The RAML phylogenetic tree for Penstemon acaulis, P, yampaensis, and P. grahamii
supports two genetic lineages in P. acaulis and P. yampaensis, recently diverged but with
distinct monophyletic lineages (Figure 7). It also identified a hybrid individual that contains
genetic material from both P. acaulis and P. yampaensis (Figure 7). Bootstrap analysis fully
supports the divergence between P. acaulis and P. yampaensis (Figure 7).
The population-level RAxML tree supports this same partition between P. acaulis and P.
yampaensis (Figure 8). Neither the population-level nor phylogenetic tree match with existing
species descriptions for Well Road and Clay Basin and instead identifies them as genetically part
of P. yampaensis rather than P. acaulis (Figure 8). From now on these populations will be
identified as P. yampaensis as supported by genetic results. Bootstrap analysis shows that P.
acaulis has a strong genetic identity with very little population structure (Figure 8). Penstemon
yampaensis, on the other hand, shows fully supported differentiation between many populations
(Figure 8). Bootstrap analysis indicates 100% support for the distinction between the one
identified hybrid at Radio Tower and the rest of the population (Figure 8). Bootstrap analysis
also lends 100% support to numerous divides between populations and population groups in P,
yampaensis, including Clay Basin, Bull Canyon, Elk Springs Ridge, and Spring Creek (Figure
8). Population structure is evident within populations Well Road, Smelter Hill, and Sand Wash,
with some differentiation seen within populations Clay Basin, Bull Canyon, and Limestone
Ridge (Figure 8).
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Figure 7
Phylogenetic Tree With P. acaulis, P. yampaensis, and P. grahamii.

Note. Two populations previously identified as P. acaulis have been identified and color coded
to match their genetic placement. Major branch partitions with 100% bootstrap support are
indicated (**).
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Figure 8
RAxML Tree With Hybrid Individual Between RT and CB (Figure 6).

Note. Samples from Well Road (olive) and Clay Basin (orange) that had previously been
identified as P. acaulis are labeled according to their genetic identity. Branch partitions with
90% (*) and 100% (**) bootstrap support are indicated.
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Population Structure
The Bayesian fastSTRUCTURE analysis identified K=4 as the best model to explain the
structure in the data and results broke the populations into one Penstemon acaulis group and
three regional P. yampaensis groups as follows: 1) P. acaulis – McKinnon (McK), Country Road
13 (CR13), Radio Tower (RT), and Washam (W); 2) P. yampaensis – Well Road (WR) and Clay
Basin (CB); 3) P. yampaensis – Bull Canyon (BC) and Limestone Ridge (LR); and 4) P.
yampaensis – Smelter Hill (SH), Sand Wash (SW), Elk Springs Ridge (ESR), and Spring Creek
(SC) (Figure 9). FastSTRUCTURE also identified the same hybrid individual in the RT
population that contains a nearly equal mix of genetics from Group 1 and Group 2 (Figure 9).
FastSTRUCTURE results for the K=2 and K=3 models are included in Figure 9 to help
understand genetic affinities among groups. The K=2 model shows that the traditionally
identified P. yampaensis populations north of Brown’s Park National Wildlife Refuge (Bull
Canyon and Limestone Ridge) and the traditionally identified P. acaulis populations in eastern
Daggett County, UT (Well Road and Clay Basin) share a similar proportion of P. acaulis and P.
yampaensis genetic identity (Figure 9). All four of these populations are genetically more similar
to P. yampaensis than to P. acaulis (Figure 9).
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Figure 9
FastSTRUCTURE Results for K=2, K=3, and K=4 Models.

Note. Bayesian analyses supported the K=4 model. Populations that had previously been
identified as P. acaulis are indicated (*).
AMOVAs were run to compare the partitioning of genetic variation between the
traditional P. acaulis and P. yampaensis species boundaries and the new boundaries suggested
by our data in which WR and CB are included in P. yampaensis instead of P. acaulis (Table 4).
These were also compared to an AMOVA for the fastSTRUCTURE supported K=4 model of
genetic groups (Figure 9, Table 4). The new species boundaries resulted in less variation within
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and among populations and 7.4% more variation among groups than the traditional species
boundaries, suggesting it more accurately represents the data (Table 4). The K=4 AMOVA
showed less variation among populations than the new P. acaulis and P. yampaensis species
boundaries but had more variation within populations and less among groups (Table 4).
Table 4
AMOVAs for the Partitioning of Genetic Variation for K=4 Population Groups and Traditional
and New Species Boundaries Between Penstemon acaulis and P. yampaensis.
Population
grouping

P. yampaensis

Within
population (%)

Among
population (%)

Among
groups (%)

P. acaulis
McK,
CR13,
RT, W,
WR, CB

Traditional

BC, LR, SH,
SW, ESR, SC

68

12

20

New

McK,
CR13,
RT, W

WR, CB, BC,
LR, SH, SW,
ESR, SC

64

9

27

K=4

McK,
CR13,
RT, W

WR, CB;
BC, LR;
SH, SW, ESR,
SC

71

4

25

Among-Population Differentiation
Pairwise Fst values were lowest between the Penstemon acaulis populations west of
Flaming Gorge Reservoir (0.01-0.04) (Table 5), which included all populations of currently
identified P. acaulis. Pairwise Fst was highest between Penstemon acaulis populations and
southeastern P. yampaensis populations in Colorado, with values as high as 0.42 between
populations McKinnon, County Road 13, and Washam and Elk Springs Ridge (Table 5).
Pairwise Fst among previously identified populations of P. yampaensis were higher and more
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variable than in P. acaulis, ranging from 0.06 to 0.25 (Table 5). Pairwise Fst and Nei’s D values
summarized between structure-identified genetic groups also show the lowest values among
populations in Group 1 and greatest values between populations in Group 1 and populations in
Group 4 (Table 6, Table 7). These values also show that genetic differentiation between Well
Road and Clay Basin is twice the amount between Bull Canyon and Limestone Ridge (Table 6,
Table 7).
A Mantel test revealed strong, significant isolation by distance for populations of P.
acaulis and P. yampensis (r = 0.794, p = 0.001), showing increased genetic divergence with
increased geographic separation (Figure 10).
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Table 5
Pairwise Fst (Lower) and Nei's D (Upper) Values Between Penstemon acaulis and P. yampaensis.
McKinnon

County
Road 13

Radio
Tower

Washam

Well
Road

Clay
Basin

Bull
Canyon

Limestone
Ridge

Smelter
Hill

Sand
Wash

-

0.01

0.01

0.01

0.11

0.11

0.12

0.13

0.18

0.18

0.19

0.18

County
Road 13

0.01

-

0.01

0.01

0.11

0.11

0.11

0.12

0.18

0.18

0.19

0.18

Radio
Tower

0.01

0.01

-

0.01

0.10

0.10

0.11

0.12

0.17

0.17

0.18

0.17

0.03

0.04

0.03

-

0.11

0.11

0.11

0.12

0.18

0.18

0.18

0.18

0.28

0.29

0.26

0.28

-

0.03

0.05

0.05

0.07

0.07

0.08

0.07

0.29

0.29

0.27

0.29

0.10

-

0.05

0.05

0.08

0.08

0.09

0.08

Bull
Canyon

0.29

0.29

0.28

0.29

0.13

0.14

-

0.02

0.05

0.05

0.06

0.05

Limestone
Ridge

0.31

0.31

0.29

0.30

0.15

0.16

0.05

-

0.05

0.05

0.06

0.05

0.40

0.41

0.39

0.40

0.21

0.23

0.16

0.15

-

0.02

0.03

0.02

0.41

0.41

0.39

0.41

0.22

0.24

0.17

0.16

0.06

-

0.03

0.02

Elk Springs
Ridge

0.42

0.42

0.40

0.42

0.23

0.25

0.18

0.18

0.09

0.10

-

0.02

Spring
Creek

0.40

0.40

0.39

0.40

0.21

0.22

0.15

0.14

0.06

0.07

0.05

-

McKinnon

Washam
Well Road
Clay Basin

Smelter Hill
Sand Wash

Elk Springs
Ridge

Spring
Creek

Note. Populations are color coded according to their structure identified genetic groups. P. acaulis are shown in blue and P.
yampaensis are shown in grey, orange, and yellow.

53
Table 6
Pairwise Fst Values Within and Between Population Groups.

Group 1
Group 2
Group 3
Group 4

Group 1
0.02
0.28
0.30
0.41

Group 2
0.10
0.15
0.23

Group 3
0.06
0.16

Group 4
0.08

Table 7
Nei's D Values Within and Among Population Groups.

Group 1
Group 2
Group 3
Group 4

Group 1
0.01
-

Group 2
0.11
0.03
-

Group 3
0.12
0.05
0.02
-

Group 4
0.18
0.08
0.05
0.02
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Figure 10
Isolation-by-Distance Graph With Line of Best Fit Indicating the Relationship Between
Geographic Separation and Genetic Distance (Fst).

A Principal Component Analysis (PCA) found that 24.09% of genetic variation in
Penstemon acaulis and P. yampaensis is explained by axis 1 and 4.80% is explained by axis 2. It
revealed the same four genetic clusters as fastSTRUCTURE with the single hybrid individual
from the Radio Tower population being placed between Group 1 and Group 2 (Figure 11).
Individuals from all populations in Group 1 appear tightly clustered, while individuals from
populations in Group 4 are slightly more spread out and individuals from Group 2 and Group 3
appear more separated by population (Figure 11).
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Figure 11
Principal Component Analysis for Penstemon acaulis (PEAC) and P. yampaensis (PEYA)
Indicating Four Genetic Groups: 1) Circles, 2) Squares, 3) Triangles, and 4) Diamonds.

Note. 24.09% of genetic variation is explained by axis 1 (X-axis) and 4.80% is explained by axis
2 (Y-axis).

56
Discussion
Taxonomic Placement
Phylogenetic results support the recognition of Penstemon yampaensis as a species
distinct from P. acaulis, however the traditional geographic boundaries are inconsistent with
current genetic relationships (Figure 12). Populations in the northeast corner of Utah are more
closely related to populations of P. yampaensis than P. acaulis. A geographic split between
populations east and west of Flaming Gorge Reservoir results in two monophyletic lineages with
a higher pairwise genetic distance (Fst = 0.35) and greater percentage of AMOVA diversity
among species (27%) than the traditional split (Fst = 0.31 and AMOVA among species = 25%)
(Table 4). In addition to monophyly (Kinosian et al., 2020; Zink, 2004), pairwise Fst has been
used to determine species boundaries between taxa in the Brassicaceae (Brock et al., 2018) and
in other Penstemon species (R. L. Johnson et al., 2016). These results are consistent with
pairwise Fst values between Penstemon species in the nearby Piceance Basin that range from
0.117-0.279 (R. L. Johnson et al., 2016).
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Figure 12
New Range Map for Penstemon acaulis and Penstemon yampaensis Based on Genetic Data
(SEINet, n.d.-a, n.d.-b).

Hybridization
Penstemon yampaensis populations north and northeast of the eastern Uintah Mountains
share some genetic identity with P. acaulis (Figure 9), indicating a previous history of gene flow
or divergence from the same ancestral population. Hybridization between P. acaulis and P.
yampaensis is uncommon, however one of the P. acaulis individuals sampled in the Radio
Tower population was 53% genetically assigned to P. acaulis and 47% genetically assigned to P.
yampaensis populations in the northeast corner of Utah in fastSTRUCTURE analyses (Figure 9).
This individual appears standalone between the P. acaulis genetic group and the P. yampaensis
Group 2 in the PCA (Figure 11) and is placed in between P. acaulis and P. yampaensis in the
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phylogenetic tree (Figure 8). None of the other P. acaulis or P. yampaensis individuals sampled
showed any evidence of hybridization, indicating that interspecific gene flow is a rare occurrence
and could perhaps be related to human activity at the radio tower that the Radio Tower
population surrounds. These fastSTRUCTURE results are consistent with other identified firstgeneration hybrids of distinct monophyletic lineages (Kinosian et al., 2020).
Genetic Connectivity
Populations of Penstemon acaulis showed strong genetic connectivity, with little
differentiation among populations and nearly equal measures of diversity. The population-level
phylogenetic tree shows some differentiation in Washam (Figure 8) but a general intermixing of
other populations, which could be explained by their geographic position (0.36-2.82 km between
McKinnon, County Road 13, and Radio Tower versus 8.37-8.69 km between those three and
Washam). Populations of P. yampaensis showed much more variability in both pairwise Fst
(0.06-0.25) and Nei’s D (0.02-0.09) calculations than P. acaulis (0.01-0.04 and 0.01,
respectively), indicating the presence of population structure in this species (Table 5). Structure
results resolved three distinct genetic groups within P. yampaensis (Figure 9), which were also
visible in the PCA (Figure 11). Overall, the genetic results separated the populations into four
distinct groups, three of which are composed of P. yampaensis populations (Figure 13).
Populations of P. yampaensis were more widespread (7.5-94 km) than P. acaulis and the
population-level phylogenetic tree showed that all P. yampaensis populations are monophyletic
with strong bootstrap support (Figure 8). There was strong evidence of isolation by distance
comparing all populations of P. acaulis and P. yampaensis (Figure 10). Isolation by distance has
been observed in numerous other Penstemon species, both common (Kramer et al., 2011) and
rare (Wolfe et al., 2016) and in hummingbird-pollinated as well as bee-pollinated species
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(Kramer et al., 2011; Wolfe et al., 2016). This pattern is consistent with the historical continental
radiation and founder-event speciation that has occurred within the genus Penstemon (Dockter et
al., 2013; Wessinger et al., 2016; Wolfe et al., 2006, 2021).
Figure 13
New Range Map for P. acaulis and P. yampaensis With Genetic Groups Circled (SEINet, n.d.-a,
n.d.-b).

Genetic Diversity and Inbreeding
Expected and observed heterozygosity were very similar for all populations of Penstemon
acaulis and P. yampaensis, but there was more variation among populations of P. yampaensis.
Differences between expected and observed heterozygosity were small (0.01-0.03, Table 3),
which is consistent with Nybom’s (2004) results for non-selfing species that are not experiencing
the effects of inbreeding or outbreeding. The amount of observed heterozygosity found in
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populations of both species was significantly lower that Nybom’s (2004) results for perennial or
non-selfing species and only slightly closer to her results for endemic or early successional
species. Observed heterozygosity was still lower than but closer to Nybom’s (2004) results for
species with attached seeds. The expected heterozygosity was significantly lower than Nybom’s
(2004) results across all traits. Lower observed heterozygosity can be an indicator of inbreeding,
however inbreeding coefficients were low in all populations (Table 3). A meta-analysis of
population size and fitness studies in both common and rare plant species found that population
size was positively correlated with expected heterozygosity but was not correlated with
inbreeding coefficients (Leimu et al., 2006). Penstemon acaulis and P. yampaensis have small
population sizes therefore could have lower observed or expected heterozygosity without
necessarily experiencing inbreeding depression. Nybom’s (2004) results were based on RAPD
and STMS data, which might account for some of the discrepancies in expected results.
Inbreeding coefficients also varied among populations of both P. acaulis (0.07-0.12) and P.
yampaensis (0.06-0.11) but were slightly higher on average for P. acaulis (0.09) than P.
yampaensis (0.08) (Table 3). This is consistent with a slightly lower observed heterozygosity on
average in P. acaulis (0.18) compared to P. yampaensis (0.19) (Table 3). Overall, these figures
indicate that diversity is moderate in all populations and inbreeding is not a current threat. There
is no substantial difference in genetic health among populations of P. acaulis and P. yampaensis.
Penstemon Diversity
There has been a considerable amount of research on Penstemon genetics and
conservation, however few have been based on SNP data. Studies on rare Penstemon species
generally report similar but slightly lower levels of expected heterozygosity (0.46-0.85;
Rodriguez-Pena et al., 2018; Stone et al., 2019; Wolfe et al., 2014, 2016) compared to more
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common Penstemon species (0.52-0.91; Kramer et al., 2011), apart from one study on the rare
Chihuahuan species P. coriaceus that found incredibly low levels of expected heterozygosity
(0.01-0.03; Zacarias-Correa et al., 2020). Observed heterozygosity reported for rare Penstemon
species were also slightly lower (0.39-0.72; Rodriguez-Pena et al., 2018; Stone et al., 2019;
Wolfe et al., 2014, 2016) than for more common Penstemon species (0.47-0.89; Kramer et al.,
2011). Penstemon acaulis and P. yampaensis had much lower expected (0.19-0.20 and 0.190.22, respectively; Table 3) and observed heterozygosity (0.18-0.19 and 0.18-0.21; Table 3) than
reported for other common and rare Penstemon species. While other rare Penstemon species
seem to exhibit a general trend of decreasing genetic and allelic diversity moving south to north
in range (Stone et al., 2019; Wolfe et al., 2016), northern and northwestern populations of P.
yampaensis had slightly higher expected and observed heterozygosity than the more southern
populations. Inbreeding coefficients for common Penstemon species stay relatively low (0.020.06; Kramer et al., 2011), while those for rare Penstemon species tend to be higher and more
variable (-0.05-0.46, averages 0.18-0.34; Jones et al., 2021; Rodriguez-Pena et al., 2018; Stone et
al., 2019; Wolfe et al., 2016; Zacarias-Correa et al., 2020). Inbreeding coefficients for P. acaulis
(0.07-0.12; Table 3) and P. yampaensis (0.06-0.11; Table 3) were lower on average than other
rare Penstemon species but still higher than more common Penstemon. While low heterozygosity
can be sometimes be an indicator of inbreeding, the low inbreeding coefficients in P. acaulis and
P. yampaensis show that this is not the case and the populations have good genetic health.
Penstemon species tend to exhibit strong genetic structure with more diversity found
among than within populations (Jones et al., 2021; Kramer et al., 2011; Rodriguez-Pena et al.,
2018; Wolfe et al., 2014, 2016; Zacarias-Correa et al., 2020). Average Fst values within common
Penstemon species are usually low, ranging from 0.06-0.19 (Kramer et al., 2011). Average
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pairwise Fst values within rare Penstemon species can vary from 0.08-0.63 (Stone et al., 2019;
Wolfe et al., 2014, 2016; Zacarias-Correa et al., 2020). Pairwise Fst values within P. acaulis
ranged from 0.01-0.04 (Table 5) with an average of 0.02, which are lower than reported for other
Penstemon species and indicate low levels of genetic diversity within the species. Pairwise Fst
values within P. yampaensis ranged from 0.05-0.42 (Table 5) with an average of 0.20, which are
higher than most other common and rare Penstemon species (Kramer et al., 2011; Stone et al.,
2019; Wolfe et al., 2014, 2016).
Average Nei’s D values reported for rare Penstemon species range vary greatly, from
0.07-0.99 (Rodriguez-Pena et al., 2018; Wolfe et al., 2016; Zacarias-Correa et al., 2020). Nei’s D
values for P. acaulis (0.01; Table 5) and P. yampaensis (0.02-0.18, average 0.08; Table 5) were
low compared to values reported for other rare Penstemon species. Isolation by distance was
strong among populations of P. acaulis and P yampaensis, as is frequently observed in other
common (Kramer et al., 2011) and rare Penstemon species (Jones et al., 2021; Stone et al.,
2019). There appears to be a strong relationship between genetic structure and geography for
many Penstemon species (Kramer et al., 2011; Stone et al., 2019; Wolfe et al., 2016), which
might play a role in the genetic divergence between P. acaulis and P. yampaensis and the
population structure within P. yampaensis.
Management Recommendations
Penstemon acaulis and P. yampaensis should continue to be treated as two distinct
species, with a geographic shift in species boundaries. The U.S. Fish and Wildlife Service
determined in 1985 that neither P. acaulis nor P. yampaensis warranted listing under the ESA
because they were both more abundant or widespread than previously though (USFWS, 1985).
The previous geographic range of P. acaulis extended from Sweetwater County, WY, to the
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border of Utah and Colorado in Daggett County, UT, a range of close to 2,000 square kilometers.
The new geographic range of P. acaulis, only occurring west of Flaming Gorge Reservoir,
reduces the total range of this species to about 900 square kilometers, 55% less than the previous
range (Figure 12). Previous population estimates and herbarium collections indicate a relatively
high density of P. acaulis individuals spread throughout this area (Jouseau, 2012), however this
loss of redundancy means that a large, local disturbance could impact a significant portion of P.
acaulis populations. Penstemon acaulis populations show a high level of genetic connectivity
and similarity, with no distinction among most populations (Figure 8). Most individual P. acaulis
populations should provide a fair representation of the genetic diversity of the species overall, so
any populations from the core range would be suitable for protection in that regard (Figure 13).
Populations in the northeast cluster near Flaming Gorge Reservoir exhibit the lowest inbreeding
and some level of differentiation compared to the remaining P. acaulis populations (Table 4), so
that region should be targeted if additional populations will be protected (Figure 13). Inbreeding
coefficients vary among populations, but they are all relatively low and should not have negative
consequences in protected populations (Table 3). While inbreeding is not currently a significant
concern, the restricted range and lack of genetic differentiation within P. acaulis indicates that it
is susceptible to both broader threats and local disturbance and warrants protection. Penstemon
acaulis was considered for listing in 1993 but was removed from consideration despite the
USFWS lacking sufficient data to make an accurate determination of conservation need
(USFWS, 1993, 1996). The ESA identifies curtailment of habitat or range as the first of five
factors in determining if a species warrants listing as threatened or endangered (USFWS, 2003).
The 55% reduction in range for P. acaulis presents a case for revaluation under the ESA and the
genetic data presented in this study can be used to help make that determination.
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Penstemon yampaensis is more widespread than previously described (Ackerfield, 2015;
Jouseau, 2012; Welsh et al., 2016). The range previously extended from the Utah-Colorado
border in the west to Maybell Park in the east, a total of about 2,300 square kilometers. The
inclusion of populations in eastern Daggett County, UT, expands the range to about 2,700 square
kilometers Northeast of Dinosaur National Monument, CO, and the eastern edge of the Uinta
Mountains (Figure 12). Despite this significant increase, previous populations estimates
throughout the new range indicate small, scattered populations with potentially low connectivity
(Jouseau, 2012). Genetic results support this, with structure showing three strong genetic groups
(Figure 9). The small population sizes, patchy distribution, and population structure suggest that
P. yampaensis might be sensitive to landscape or pollinator changes and could benefit from some
level of protection. Due to the distinctions between groups within this species, one population
from each genetic group should be selected for protection in order to preserve the maximum
amount of genetic diversity. Diversity measures are very similar among populations within
groups, so any populations from each group should provide an accurate representation of the
regional genetic diversity (Figure 13). While inbreeding coefficients vary among populations,
they are all relatively low and should not have negative consequences in protected populations.
This study shows that Penstemon acaulis and P. yampaensis are two distinct species, but
with different ranges than previously described. The range of P. yampaensis was increased,
while the range of P. acaulis was significantly decreased (Figure 12). Both species exhibited
genetic health with low to moderate levels of diversity and very little to no evidence of
inbreeding. Penstemon yampaensis showed strong population structure while P. acaulis showed
little differentiation among populations, indicating differences in management needs. With a
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significantly reduced population, less redundancy, and less genetic diversity than previous
described, Penstemon acaulis should be the primary target of conservation.
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CHAPTER III
COMPARATIVE MORPHOLOGY AND ASSOCIATED
SOIL TRAITS IN PENSTEMON ACAULIS AND
PENSTEMON YAMPAENSIS
Introduction
Morphology in Plant Identification
Morphology has long been the basis of plant species descriptions and is still the primary
method of identifying new and existing species. Commonly used morphological traits include
leaf morphology, flower position and color, presence and type of pubescence, and seed
characteristics (Ackerfield, 2015; Holmgren, 1998; R. L. Johnson et al., 2016; Keck, 1937;
Penland, 1958; Welsh et al., 2016; Williams, 1934). Leaf size and shape can vary within species
and between sites as a result of local differences in light, shade, nutrients, and climatic conditions
(Cavender-Bares et al., 2015). While these variations can obfuscate phylogenic relationships
between closely related taxa, trends in leaf divisions and overall leaf shape have been shown to
be indicative of taxonomic identity (R. L. Johnson et al., 2016; Ruiz et al., 2021).
Micromorphological leaf characters, such as stomatal types, leaf abaxial surfaces, and traits of
internal tissue, have proven useful in identifying taxa that are morphologically similar or have
high foliar plasticity (Chitchak et al., 2018; Pereira et al., 2020). The presence and morphology
of trichomes, including pubescence, glandular hairs, and papillae, on stems, leaves, and
inflorescences has also been used to distinguish between taxa in many families (Carvalho et al.,
2017; R. L. Johnson et al., 2016; Pereira et al., 2020).
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Differences in flower morphology that impact pollinator associations, such as floral size,
position and orientation of flowers, and stigma-anther positions, can result in reproductive
isolation between closely related taxa and therefore can be particularly useful in distinguishing
between species (Brys et al., 2013; Campbell et al., 2016; Carvalho et al., 2017). The specific
positioning of the androecium and gynoecium can limit access for different types of pollinators
and sometimes encourage autonomous selfing (Brys et al., 2013; Carvalho et al., 2017).
Differences in flower color can also be indicative of lineage divergence and possibly different
pollinator relationships (Reverte et al., 2016; Skeels et al., 2021). General trends in pollinator
associations and flower color show that birds prefer red, butterflies prefer pink and red, beetles
and moths prefer white and cream, flies prefer white and yellow, wasps prefer yellow and brown,
and bees prefer blue (Campbell et al., 2016; Crump et al., 2020; Kramer et al., 2011; Reverte et
al., 2016). Pollinators show strong preferences for specific flower colors and may avoid flowers
that differ in color from a species’ norm, as can be the case with certain hybrids (Cardona et al.,
2020; Crump et al., 2020; Reverte et al., 2016). In groups that have highly variable flower
morphology or color, micromorphological traits of pollen grains and seeds can be used to
distinguish between taxa (Hawkins et al., 2007; J. Wang et al., 2020).
Unique geology and soils are both drivers of specialization and quality indicators of
potential habitat (Kruckeberg, 1986). Unique soils can impose strict habitat and range barriers
for edaphically specialized taxa, which makes them more susceptible to disturbances at the
population level such as encroachment, invasive species, or natural disasters (Fertig & Thurston,
2003; Fertig & Welp, 2001; Kruckeberg, 1986). Successful habitat and distribution modeling
require an accurate understanding of niche qualities, including soil, precipitation, temperature,
and topography, something that is particularly important in case of rare and endemic species
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(Fertig & Thurston, 2003; Munson & Sher, 2015). Species can exhibit variable morphology in
response to differences in light, shade, nutrients, soil, and climatic conditions (Cavender-Bares et
al., 2015; Kruckeberg, 1986). Soil traits can help determine species boundaries for some edaphic
specialists (Fertig & Thurston, 2003; Fertig & Welp, 2001), but not others (Bresowar &
McGlaughlin, 2015). Inconsistent relationships between soil and morphology in edaphic species
indicate that these relationships need to be examined on a case-by-case basis in order to
accurately determine significant trends.
Study System
Penstemon is a large plant genus that is strongly endemic to North America (Nold, 1999;
Wolfe et al., 2006), with only three of its two hundred and eighty species found outside the
region (Freeman, 2021). It is estimated that Penstemon originated 3.62 million years ago, near
the Pliocene/Pleistocene boundary (Wolfe et al., 2021). Penstemon spread across North America,
halted periodically by glaciations that restricted the range of many populations (Ehlers &
Gibbard, 2007; Wolfe et al., 2006, 2021). Phylogenetic analyses (Wessinger et al., 2016; Wolfe
et al., 2006, 2021) support continental radiation through rapid speciation events, likely
influenced by periods of glaciation and the formation of “sky island” refugia in the mountains of
western North America (Hewitt, 2004; Wolfe et al., 2006, 2021). The geographic patterns of
diversity in Penstemon suggest a high occurrence of founder-event speciation as individuals
dispersed into historically unoccupied regions with potentially restricted gene flow (Dockter et
al., 2013; Wolfe et al., 2021). These new habitats also encouraged niche adaptations that resulted
in the evolution of many endemic Penstemon species that specialize in unique soil types, such as
deep sand, oil shale, and limestone-derived soils (Wolfe et al., 2021). Ancestral Penstemon
species were solely pollinated by bees and wasps, which tends to result in reduced genetic
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cohesion compared to hummingbird pollinated species and likely contributed to the rapid
divergence of geographically isolated populations (Kramer et al., 2011; Wessinger et al., 2019;
Wilson et al., 2007; Wolfe et al., 2014).
Penstemon occupy a wide variety of habitats and display a variety of growth forms, from
shrubs with woody caudexes to herbaceous forbs (Freeman, 2021; Wolfe et al., 2021). Stems
may be erect through prostrate and glabrous, hairy, or glandular (Freeman, 2021). Leaves are
simple and usually both cauline and basal, with entire or toothed margins (Freeman, 2021).
Flowers are bisexual and tubular with five lobes and bilateral symmetry (Freeman, 2021).
Penstemon get their common name, beardtongues, from the distinct, often hairy, staminode that
runs along the bottom center of the corolla (Freeman, 2021). Stamen morphology, including
orientation, dehiscence, and shape, is also key to distinguishing between closely related species
(Freeman, 2021).
Pollinator relationships have played a significant role in Penstemon evolution and
diversification, as evidenced by the variation in floral morphology exhibited in the genus
(Wilson et al., 2007; Wolfe et al., 2021). Bee-pollinated flowers are generally blue with short,
wide corolla tubes and extended lower lobes that provide a landing platform for insect visitors
(Cardona et al., 2020; Crump et al., 2020; Wilson et al., 2007). Hummingbird-adapted flowers
tend to be red with longer and narrower corollas than bee-adapted flowers, often with reduced
lower lobes (Cardona et al., 2020; Crump et al., 2020; Wilson et al., 2007). Hummingbirds
transfer pollen at a higher rate and can travel farther than bees, providing greater genetic
connectivity between populations and possibly explaining the reduced diversification in
hummingbird compared to bee-pollinated species (Kramer et al., 2011; Wilson et al., 2007).
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Two members of Penstemon Section Cristati that are considered Globally Imperiled
(NatureServe, 2022c) are the focus of the current study examining taxonomic relationship and
protective status: Penstemon acaulis L.O. Williams (Williams, 1934) and Penstemon yampaensis
C.W.T. Penland (Penland, 1958) (Jouseau, 2012). These taxa are very similar in appearance,
with distinctions mostly based on leaf size; they therefore have been treated as varieties of the
same species in some floras (Neese, 1986; Weber & Wittmann, 2001; Welsh et al., 2016) and as
distinct species in others (Ackerfield, 2015; Freeman, 2020a). They are regionally endemic to
northwest Colorado, northeast Utah, and southwest Wyoming, with P. acaulis in the west side of
the range and P. yampaensis in the east side (Figure 6) (Ackerfield, 2015; Jouseau, 2012; Welsh
et al., 2016).
The main morphological distinctions between Penstemon acaulis and Penstemon
yampaensis are in the number of flowers and the size of the leaves and flowers. Penstemon
acaulis usually has 1-2 flowers per inflorescence and P. yampaensis can have 2-6, though this
can be difficult to ascertain without being able to check the plant, as they grow in bunches
(Ackerfield, 2015; Jouseau, 2012; Penland, 1958). The flowers of P. acaulis are described as
blue with a yellow beard and those of P. yampaensis are identified as more lilac with an orangegold beard (Ackerfield, 2015; Dorn, 2001; Jouseau, 2012; Penland, 1958; Welsh et al., 2016;
Williams, 1934). The leaves on P. acaulis can grow up to 1.6 mm wide and 2 cm long whereas
the leaves on P. yampaensis can get significantly larger, up to 4 (5) mm across and 3 cm long
(Ackerfield, 2015; Penland, 1958; Welsh et al., 2016). The flowers on P. acaulis are also
smaller, averaging 12-15 mm long versus 15-18 mm long on P. yampaensis (Ackerfield, 2015;
Penland, 1958; Welsh et al., 2016). The combination of the larger corolla and greater number of
flowers gives P. yampaensis a more full and “robust” look compared to P. acaulis, according to
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Jouseau (2012). Penstemon acaulis and P. yampaensis have been found on a few different
calcareous soil types, including limestone, gypsum, and shale, but there tends to be more
variation in the soil types in P. yampaensis habitats (Ackerfield, 2015; Jouseau, 2012; Penland,
1958). Small differences in calcium carbonate, nitrogen, or phosphorous content in soils may
account for differences in growth seen between populations (Jouseau, 2012). In northeast
Daggett County, Utah, P. acaulis occurs alongside P. yampaensis and individuals in that area
have been described as morphological transitions between the two taxa (Fertig, 1999; Jouseau,
2012; Welsh et al., 2016). These individuals are described as having broadly linear to narrowly
oblanceolate leaves of variable length and width and only producing one to two flowers per stem,
unlike P. yampaensis (Jouseau, 2012; Welsh et al., 2016).
Morphology data, including flower color and leaf measurements, and soil samples were
collected from populations across the range of both species (Figure 16) and analyzed to answer
four questions: 1) Do populations of P. acaulis and P. yampaensis display unique morphologies?
2) Do morphology differences align with genetic differences in populations of P. acaulis and P.
yampaensis? 3) Are there differences in soil pH or concentrations of calcium carbonate, nitrogen,
or phosphorous between P. acaulis and P. yampaensis habitat? 4) Do differences in soil
characteristics align with differences in flower and leaf morphology?
Methods
Field Methods
Penstemon acaulis and P. yampaensis were identified using Welsh et al.’s A Utah Flora,
5th Edition (2016) and Ackerfield’s Flora of Colorado (2015), which classify all individuals west
of Colorado as P. acaulis and all individuals in Colorado as P. yampaensis. Two populations
were selected from the range of P. acaulis and four populations selected across the range of P.
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yampaensis (Figure 16). At each population five flowering individuals were selected randomly.
Sampling size was based upon the maximum number of individuals found flowering at the two
easternmost sites. Leaf measurements, flower color, and soil data were collected at each location
and used for analyses.
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Figure 14
Morphology and Soil Collection Sites for Penstemon acaulis (Red and Green Circles) and P. yampaensis (Orange and Yellow
Triangles and Red and Orange Diamonds), Labeled From West to East.

Note. Triangles and diamonds represent collections from two different P. yampaensis genetic groups as identified in Chapter II (Figure
13). Species ranges are also shown for P. acaulis (white circles) and P. yampaensis (grey circles) (SEINet, n.d.-a, n.d.-b).
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Leaf Morphology
Five outer leaves were collected from a single stem on each sampled individual and were
photographed pressed flat against a white reference sheet with 10cm square reference markers
(Chitchak et al., 2018; Holmgren, 1998; Pereira et al., 2020). Leaf photographs were adjusted for
perspective in Adobe Photoshop based on the reference sheet and then imported into Image-J
(https://imagej.nih.gov/ij/). Scale was set based on the reference sheet and measurements were
taken along the midline of each leaf for length and across the widest part of each leaf for width.
Leaf morphology data were summarized by individual and population using statistical analyses,
including ANOVAs, t-tests, Van der Waerden analyses, and Tukey-Kramer post-hoc analyses in
JMP® (https://www.jmp.com/en_us/software/data-analysis-software.html). I compared data
between species, populations, and genetic population groupings as explained in Chapter II. Leaf
data was also compared with soil data to determine any correlations.
Flower Color
Photographs were taken of flowers from each sampled individual with a Datacolor
SCK200 SpyderCHECKR 24 color chart for reference (Kendal et al., 2013). Flower photographs
were adjusted in Adobe Photoshop based the on the Datacolor SCK200 SpyderCHECKR 24
color chart (Kendal et al., 2013). Red-Green-Blue (RGB) and Lab (Lightness, red/green value,
and blue/yellow value) color data were taken from 1-3 points per non-shaded flower lobe on
each flower and were summarized by lobe (Kasajima, 2016, 2019; Kendal et al., 2013; Skeels et
al., 2021). Color data was also summarized by individual and population and the same statistical
analyses were conducted using JMP® (https://www.jmp.com/en_us/software/data-analysissoftware.html) to compare color data between species, populations, and genetic population
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groupings. Flower color data was also compared with leaf morphology and soil data to determine
any correlations.
Soil Traits
Soil samples were collected at three locations within the population boundary selected to
fall in between the collected samples. Samples were collected from the top five inches of soil at
each location and combined for analyses. Samples were tested for pH, soluble salts, organic
matter, texture, lime, cation exchange capacity, base saturation, and concentrations of soil
elements (nitrate-nitrogen, phosphorus, potassium, calcium, magnesium, sodium, sulfate-sulfur,
zinc, iron, manganese, copper, and boron) at the Colorado State University Soil Testing
Laboratory (https://soiltestinglab.colostate.edu/index.html; Bresowar & McGlaughlin, 2015;
Fertig & Thurston, 2003). Soil data was summarized by population and compared with
longitudinal and latitudinal coordinates to determine trends in soil traits across the range of both
species.
Results
Length and width measurements of 146 leaves from 30 plants across the six populations
were used for morphometric analysis (Table 8). A total of 1,678 color data points from 26 plants
across the six populations were used for floral color analysis (Table 9). The McKinnon and
Radio Tower populations represented Penstemon acaulis (genetic Group 1), the remaining
populations represented P. yampaensis and included representatives of genetic Group 3 (the
Diamond Peak and Limestone Ridge populations) and genetic Group 4 (the Smelter Hill and
Maybell Park populations). Definitions of genetic groups are detailed in Chapter II.
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Leaf Morphology
Leaf measurements between Penstemon acaulis populations were fairly consistent. Leaf
lengths in McKinnon ranged from 8.01mm-14.63mm (mean length 10.14mm; Table 8) and in
Radio Tower ranged from 7.91mm-16.02mm (mean length 10.90mm; Table 8). Leaf widths in
McKinnon ranged from 0.80mm-1.51mm (mean width 1.09mm; Table 8) and in Radio Tower
ranged from 0.72mm-1.19mm (mean width 0.94mm; Table 8). Leaf measurements among P.
yampaensis populations were more variable, with mean lengths ranging from 10.76mm to
19.08mm per population and maximum lengths ranging from 13.58mm to 28.22mm (Table 8).
Leaf widths were also variable among P. yampaensis populations, but mean and maximum
widths were consistently larger (average 1.39mm to 2.32mm, maximum 1.85mm to 2.91mm)
than values for P. acaulis (Table 8). Summary of fit analyses across species, genetic groups, and
populations showed greater values for divisions among populations than species or genetic
groups for both leaf length and width (Figure 15).
A t-test and ANOVA both found significant differences in leaf length (t-test: t30 = 2.92, p
= 0.0068; ANOVA: f30 = 8.54, p = 0.0068) and width (t-test: t30 = 5.17, p < 0.0001, ANOVA: f30
= 26.69, p < 0.0001) between species (Figure 15). An ANOVA and a Tukey-Kramer post-hoc
analysis (Figure 15) showed that leaf length was significantly different in genetic Group 4
compared to genetic Groups 1 and 3 (ANOVA: f30 = 23.56, p < 0.0001) but was not significantly
different between genetic Group 1 and genetic Group 3 (Figure 15). The same analyses
conducted among populations showed that leaf length in the Smelter Hill and Maybell Park
populations were similar and distinct from leaf lengths in the other populations (ANOVA: f30 =
9.45, p < 0.0001) (Figure 15). Leaf length in the McKinnon, Radio Tower, Diamond Peak, and
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Limestone Ridge populations were not found to be significantly different from each other
(Figure 15).
ANOVA and Tukey-Kramer post-hoc analysis of leaf width among genetic groups also
identified significant difference among all groups (ANOVA: f30 = 45.19, p < 0.0001) (Figure
15). These analyses performed among populations found that leaf widths in the Smelter Hill and
Maybell Park populations were both significantly distinct from each other and from leaf widths
in other populations (ANOVA: f30 = 24.48, p < 0.0001) (Figure 15). Leaf widths in the
McKinnon and Radio Tower populations were shown to be similar and distinct from leaf widths
in other populations (Figure 15). Leaf widths in the Diamond Peak and Limestone Ridge
populations were also similar and distinct from leaf widths in other populations (Figure 15).
Summary of fit analyses found significant negative relationships between average leaf
length (ANOVA: f30 = 41.42, p < 0.0001) and width (ANOVA: f30 = 73.87, p < 0.0001) and
latitude and significant positive relationships between average leaf length (ANOVA: f30 = 15.24,
p = 0.0007) and width (ANOVA: f30 = 54.49, p < 0.0001) and longitude (Figure 16). Thus,
leaves get larger as ones moves South and East through the species ranges. Summary of fit
analyses for latitude and longitude found that leaf width had higher R squared values for latitude
and longitude (Rs = 0.71) than leaf length (Rs = 0.62 and Rs = 0.40), but all show strong
associations (Figure 16).
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Table 8
Leaf Morphology Data Summarized by Population.
Genetic
Group

Number
of Plants

Number
of Leaves

Minimum
Length (mm)

Maximum
Length (mm)

Average Length
(SD) (mm)

Minimum
Width (mm)

Maximum
Width (mm)

Average
Width (SD)
(mm)

Species

Population

Population
number

P. acaulis

McKinnon

1

1

5

25

8.01

14.63

10.14 (1.95)

0.80

1.51

1.09 (0.19)

P. acaulis

Radio Tower

2

1

5

23

7.91

16.02

10.90 (1.86)

0.72

1.19

0.94 (0.13)

P. yampaensis

Dimond Peak

3

3

5

25

7.38

18.96

12.42 (3.21)

1.12

1.85

1.47 (0.20)

P. yampaensis

Limestone Ridge

4

3

5

24

9.21

13.58

10.76 (1.06)

1.02

2.09

1.39 (0.27)

P. yampaensis

Smelter Hill

5

4

5

24

11.84

26.57

17.45 (4.35)

1.27

2.75

1.89 (0.43)

P. yampaensis

Maybell Park

6

4

5

25

13.78

28.22

19.08 (3.39)

1.75

2.91

2.32 (0.30)

Table 9
Flower Color Measurements Summarized by Population, Including RGB Values, Percent by Composition of Red, Green, and Blue, the
Ratio of Red to Blue, and Lab Color Measurements.

Genetic
Group

Number
of Plants

Number
of
Flowers

R

G

B

%R

%G

%B

R:B

L

a

b

Species

Population

Population
number

P. acaulis

McKinnon

1

1

4

31

121

135

200

25.92

29.33

44.76

0.60

57.28

8.44

-35.80

P. acaulis

Radio Tower

2

1

4

24

152

174

232

27.00

31.05

41.95

0.65

71.02

3.16

-32.09

P. yampaensis

Diamond Peak

3

3

5

28

151

145

202

30.31

28.96

40.93

0.75

62.41

12.44

-28.76

P. yampaensis

Limestone Ridge

4

3

5

37

168

172

230

29.24

30.01

40.75

0.73

71.63

8.86

-30.12

P. yampaensis

Smelter Hill

5

4

4

12

172

165

213

31.33

29.82

38.86

0.81

69.52

10.51

-23.47

P. yampaensis

Maybell Park

6

4

4

32

152

134

192

31.67

27.79

40.54

0.79

59.12

16.66

-28.20
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Figure 15
Individual Mean Leaf Length and Width Measurements Compared Across Species, Genetic Groups, and Populations.

Note. ANOVA f30 and p values shown with significant p values in red. Groups represented by non-overlapping circles are significantly
different in Tukey-Kramer post-hoc tests at p < 0.05.
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Figure 16
Individual Mean Leaf length and Width Measurements Compared With Latitude and Longitude.

Note. R squared (Rs) and p values are shown with significant p values in red.

Flower Morphology
Red/green/blue (RGB) color values, the percent composition of each RGB value, the ratio
of red to blue, and Lab (“L”, “a”, and “b”) color values were all summarized by individual and
analyzed separately (Table 9). A t-test and ANOVA both found significant differences in red
values (t-test: t26 = 2.61, p = 0.0152; ANOVA: f26 = 6.84, p = 0.0152) but not blue values (t-test:
t26 = -0.82, p = 0.41; ANOVA: f26 = 0.67, p = 0.42) or green values (t-test: t26 = -0.01, p = 0.99;
ANOVA: f26 = 0.00, p = 0.99) between species (Figure 17). ANOVA and Tukey-Kramer post-
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hoc analysis found no significant differences between red, green, or blue color values between
genetic groups (Figure 17).
The same analyses were conducted among populations for each color. Average red values
in McKinnon were significantly lower than in the Limestone Ridge and Smelter Hill populations
(ANOVA: f26 = 3.24, p = 0.0265) (Figure 17). Average red values in the Radio Tower, Diamond
Peak, and Maybell Park were similar and were not significantly different from red values in the
McKinnon, Limestone Ridge, and Smelter Hill populations (Figure 17). Average green values in
the McKinnon and Maybell Park populations were similar and significantly different from
average green values in the Radio Tower and Limestone Ridge populations (ANOVA: f26 = 5.56,
p = 0.0023) (Figure 17). Average green values in the Diamond Peak and Smelter Hill
populations were not significantly different from in any other population (Figure 17). Average
blue values in the McKinnon, Diamond Peak, and Maybell Park populations were similar and
significantly different from average blue values in the Radio Tower and Limestone Ridge
populations (ANOVA: f26 = 11.04, p < 0.0001) (Figure 17). Average blue values in the Smelter
Hill populations were not significantly different from in any other population (Figure 17).
Summary of fit analyses showed that the most variance was explained by population differences
for all three colors (Figure 17). Comparisons across latitudinal and longitudinal gradients found
that only red had a significant positive relationship with longitude (ANOVA: f26 = 4.67, p =
0.0372) and all other comparisons were non-significant (Figure 18).
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Figure 17
Red, Green, and Blue Values Compared Across Species, Genetic Groups, and Populations.

Note. ANOVA f26 and p values shown with significant p values in red. Groups represented by non-overlapping circles are significantly
different in Tukey-Kramer post-hoc tests at p < 0.05.
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Figure 18
Individual Average Flower Red, Green, and Blue Values Compared With Latitude and
Longitude.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Soil Traits
The combined soil sample at each population was measured for percent by weight
composition of samples (Table 10), concentrations of soil elements (Table 11), base saturation of
elements (Appendix – Table 1), soil texture (Appendix – Table 2), and pH (Appendix – Table 3),
and all data were used in morphological analyses and to visualize trends across the landscape and
the species’ ranges. Excess lime (calcium carbonate) was high in all populations (Appendix –
Table 3). Many soil traits were variable among populations, however there were significant
differences in concentrations of manganese between species (t-test: t6 = -8.29, p = 0.0012;
ANOVA: f6 = 68.76, p = 0.0012; Appendix – Figure 7) and among genetic groups (ANOVA: f6
= 25.85, p = 0.0128; Appendix – Figure 8), though these were more closely associated with
species. There were also significant differences among genetics groups in soil concentrations of
magnesium (ANOVA: f6 = 14.18, p = 0.0296; Appendix – Figure 8), the base saturation of
magnesium (ANOVA: f6 = 27.68, p = 0.0117; Appendix – Figure 8), and the percent by weight
of gravel (ANOVA: f6 = 13.04, p = 0.0331; Appendix – Figure 8).
Table 10
Percent by Weight composition of Soil Samples by Population.

Population
McKinnon
Radio Tower
Diamond Peak
Limestone Ridge
Smelter Hill
Maybell Park

Population number Litter (%) Rock (%)
1
0.13
18.50
2
0.82
35.25
3
0.24
29.67
4
0.15
14.63
5
0.23
3.50
6
0.61
4.92

Gravel (%)
7.88
5.66
6.07
4.38
1.28
0.87

Soil (%)
73.49
58.27
64.02
80.84
94.96
93.60
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Table 11
Concentrations of Soil Elements by Population.

Population

Population
number

Boron
(ppm)

Calcium
(ppm)

Copper
(ppm)

Iron
(ppm)

Magnesium
(ppm)

Manganese
(ppm)

Nitrate
(ppm)

Phosphorous
(ppm)

Potassium
(ppm)

Sodium
(ppm)

Sulfate
(ppm)

Zinc
(ppm)

McKinnon

1

0.3

2144

0.6

0.9

277

2.7

0.1

9

501

26

49.1

0.2

Radio Tower

2

0.5

2579

0.4

2.1

343

3

0.1

13

507

51

11.4

0.4

Diamond
Peak

3

0.4

2125

0.4

1.9

402

1.34

3

7

745

36

7.8

0.2

Limestone
Ridge

4

0.5

2273

0.6

0.8

356

1.4

0.1

9

342

14

0

0.1

Smelter Hill

5

0.2

2311

0.2

0.7

153

1.1

0.1

2

314

13

3.8

0

Maybell
Park

6

0.3

2271

0.4

1.4

202

1.6

0.1

11

361

13

6

0.2
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Analyses of morphometric data compared with soil traits found many significant
relationships. Shown here are comparisons of flower and leaf morphology with soil manganese
(Figure 19), gravel weight (Figure 20), and calcium (Figure 21) which found significant
relationships with five or more morphometric traits. ANOVAs and summary of fit analyses on
linear regressions found strong, significant negative relationships between manganese content
and longitude (Figure 22) and between gravel weight and longitude (Figure 23), and a significant
positive relationship between gravel weight and latitude (Figure 23). This indicates a strong
gradient for these soil traits across the range of P. acaulis and P. yampaensis that may
coincidentally align with leaf and flower morphological gradients. There were no significant
relationships between calcium and longitude or latitude (Figure 24), indicating that this soil trait
may influence leaf and flower morphology for these species.
Results of analyses for all other soil traits that have significant relationships with
morphometric data are included in Appendix 1 (Figures 9-36). There were many significant
relationships between leaf morphology and soil data and fewer between flower color
measurements and soil data, however these tended to align with trends in soil traits over
latitudinal and longitudinal gradients and thus may not have been correlated.
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Figure 19
Leaf and Flower Morphology Traits That Have a Significant Relationship With Manganese.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 2
Leaf and Flower Morphology Traits That Have a Significant Relationship With Percent by
Weight of Gravel.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 21
Flower Morphology Traits That Have a Significant Relationship With Soil Calcium
Concentrations.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 22
Manganese Soil Concentrations Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
Figure 23
Percent by Weight of Gravel Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 24
Calcium Soil Concentrations Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Discussion
There were statistically significant differences in leaf length and width among species
and genetic groups. There were also significant differences in nearly half of all flower color
measurements between species and genetic groups, however for both leaf and flower
morphometric more variance was explained by differences in populations than species or genetic
groups.
Morphology
Leaf length and leaf width were significantly different between Penstemon acaulis and P.
yampaensis (Figure 15). Maximum leaf lengths and widths in the P. acaulis populations and in
the P. yampaensis genetic Group 4 populations (Smelter Hill and Maybell Park; Table 8) support
previous leaf morphological descriptions for both species (Ackerfield, 2015; Welsh et al., 2016).
Leaf length and width were also significantly different among genetic groups (Figure 15),
however, with populations in genetic Group 3 (Diamond Peak and Limestone Ridge) having
maximum leaf lengths under 20 mm compared to other populations of P. yampaensis that had
maximum lengths closer to 30 mm (Table 8). Maximum leaf widths in genetic Group 3 were
significantly higher than in P. acaulis and significantly lower than in other populations of P.
yampaensis (Table 8). Both P. acaulis populations had individuals with some leaves that were
under 1.0mm in width while there were none that narrow in the P. yampaensis populations
(Figure 14). All P. yampaensis populations had individuals with some leaves that were wider
than 1.8mm, while there were none in either of the P. acaulis populations that had leaves greater
than 1.5mm in width (Figure 14). Leaf widths are therefore a more reliable method of
distinguishing between species; P. acaulis leaves are 0.7mm-1.5mm wide while P. yampaensis
leaves are 1.0mm-2.9mm wide (Table 8).
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Leaf length and width had significant positive relationships with longitude and significant
negative relationships with latitude, showing somewhat continuous change across the range of
both species (Figure 16). Studies on climatic impacts on leaf size and shape of found significant
relationships between leaf morphology and longitude, latitude, precipitation, temperature, and
elevation (Li et al., 2020; Meier & Leuschner, 2008; Qiao et al., 2022), thus the variation in leaf
morphology in P. acaulis and P. yampaensis may be related to geographic position or gradients
in climatic conditions.
There were also significant differences in flower color measurements of red, percent by
composition red, percent by composition blue, the red to blue ratio, and “a” values between
species (Figure 17, Appendix – Figures 1-3). Significant differences in reds and blue among
populations (Figure 17, Appendix – Figures 2-3) supported previous descriptions of blueish-lilac
flowers in P. yampaensis compared to blue flowers in P. acaulis (Ackerfield, 2015; Welsh et al.,
2016). There were significant differences between genetic groups in percent by composition red,
percent by composition blue, the red to blue ratio, and “a” values between species (Appendix –
Figures 1-3), many of the same color measures that differed between species. Red values in
genetic Group 3 were similar to values in genetic Group 4 while blue values were similar to
values in genetic Group 1 (Figure 17). While there were significant differences in many flower
color measurements among species and genetic groups, differences in populations explained
more variation than species or genetic groups for all flower color measurements. This indicates
that there are factors other than genetic identity that influence flower color at each population.
There were significant relationships between “a” values, the percent composition of red, the
percent composition of blue, and the ratio of red to blue compared with latitude and longitude,
however those relationships were not significant for most RGB and Lab values (Figure 18,
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Appendix – Figures 4-6). This suggests that there may be climatic factors that influence flower
color in different populations.
These results show that there are statistically significant differences between Penstemon
acaulis and P. yampaensis in leaf length and width flower color measurements. These
differences are consistent with previous descriptions of the red and blue variations in flower
color. Leaf morphology was more closely related to genetic groups, as were percent
compositions of RGB, the ratio of red to blue, and “a” and “b” color values. Species description
for P. yampaensis should incorporate variations in leaf morphology within the species to help
field biologists and conservation managers accurately identify the species. Leaf size and shape
can influence plant fitness in changing climatic conditions so further studies should focus on
individual fitness and differences in climatic and soil conditions among populations.
Soil
While Penstemon acaulis and P. yampaensis are both found in calcareous soils, previous
reports on the two species showed small differences in soil concentrations of nitrogen and
phosphorous (Jouseau, 2012). Many soil traits were highly variable among populations, and
there were significant differences between Penstemon acaulis and P. yampaensis in
concentrations of manganese and significant differences among genetic groups for
concentrations of magnesium, the base saturation of magnesium, and the percent by weight of
gravel. Percent by weight of gravel and concentrations of manganese showed a significant
relationship with longitude but all other latitudinal and longitudinal comparisons were nonsignificant. These results support soil traits varying along geographic gradients rather than being
unique to each species. None of the four targeted soil traits were significantly different between
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Penstemon acaulis and P. yampaensis, however these also followed trends of soil traits along
latitudinal and longitudinal gradients.
Leaf length and width were found to have significant relationships with many soil
elements and traits, however these results aligned with trends comparing leaf morphology and
associated soil traits with latitudinal and longitudinal gradients, indicating that these soil traits
may not be directly impacting leaf morphology. In addition to latitude and longitude,
precipitation, temperature, and elevation have been shown to influence leaf size and shape (Li et
al., 2020; Meier & Leuschner, 2008; Qiao et al., 2022), thus these climatic elements may play a
role in the variation in leaf size in P. acaulis and P. yampaensis. Color measurements had
significant relationships with soil concentrations of calcium. Calcium concentrations were not
significantly different between species and had no significant relationship with longitude or
latitude, indicating that these flower color measurements may be directly influenced by soil
concentrations of calcium in populations of P. acaulis and P. yampaensis.
There are significant differences in leaf and flower morphology between species and
among populations. Populations in P. yampaensis genetic Group 3 had individual average leaf
lengths consistent with those in the P. acaulis populations and individual average leaf widths that
were intermediate between the P. acaulis populations and the populations in P. yampaensis
genetic Group 4 (Figure 15). This is consistent with previous descriptions of morphologically
intermediate populations of P. acaulis/P. yampaensis occurring in northeast Utah relatively near
the Colorado border (Welsh et al., 2016). Flower red color values (Figure 17), the percent
composition of red (Appendix – Figure 2), and the ratio of red to blue (Appendix – Figure 3)
gradually increased moving eastward through the ranges of P. acaulis and P. yampaensis while
the percent composition of blue (Appendix – Figure 2) gradually decreased, supporting the
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descriptions of P. acaulis flowers as blue compared to violet-blue flowers in P. yampaensis
(Ackerfield, 2015; Welsh et al., 2016).
Other studies on geographic variations in flower color within species found that
variations were not necessarily based on pollinator preference or abiotic factors (I. M. Johnson et
al., 2021), but instead were better explained by population structure established through
migration (Koski & Galloway, 2020), isolation by distance, and lack of genetic connectivity
among populations (Masco et al., 2004). Flower green, blue (Figure 17), and “L” values
(Appendix – Figure 1) were not significantly different among genetic groups or across
longitudinal/latitudinal gradients, however they were significantly positively associated with soil
calcium concentrations (Figure 21). This indicates that greater soil calcium concentrations are
impacting the expression of green and blue shades in P. acaulis and P. yampaensis flowers and
should be studied further to determine the strength and mechanism of the relationship.
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CHAPTER IV
SUMMARY AND DISCUSSION OF RESULTS WITH
MANAGEMENT RECOMMENDATIONS
Study System
Penstemon acaulis and P. yampaensis have been the subjects of taxonomic debate for
many years and continue to be treated differently in different publications (Ackerfield, 2015;
Welsh et al., 2016). Both plants are rare endemics that live on specialized soil types, making
them susceptible to habitat destruction and landscape changes. Despite being listed on rare and
sensitive species lists, there is not protected habitat for either species. Their protection status has
been based upon previous reports of species ranges and overall population counts that may not
have accurately reflected the health of each species due to uncertainties about the species
boundary between P. acaulis and P. yampaensis (USFWS, 1985). There also have been no
previous surveys to count populations of P. yampaensis anywhere within its range, so population
counts and population density within the range have been based on rough estimates from
individual collectors who had been to those areas (Jouseau, 2012). These data had been used to
remove both P. acaulis and P. yampaensis from consideration for listing under the ESA
(USFWS, 1985). A better understanding of the species boundaries and genetic health of these
two taxa would help to determine if that decision was warranted and potentially to aid in
reassessing the species for listing.
Genetic data can be used to identify species boundaries and within-species diversity with
more certainty and ease than field surveys and can build upon quantitative and trend data to
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create a complete picture of an organism. This study used RADSeq data to examine the
relationship between P. acaulis and P. yampaensis, specifically focusing on the level of genetic
divergence between the two taxa to determine if they are genetically two separate species. This
study also examined the geographic boundary between the two species and whether
hybridization is occurring anywhere in the range. The genetic health of both taxa was assessed
by determining the levels of inbreeding and genetic diversity within populations as well as the
genetic connectivity among populations. These data are needed to determine if the two taxa are
unique species and if either should be reassessed for listing under the Endangered Species Act.
Morphological descriptions of P. acaulis and P. yampaensis include differences in leaf
length and width, flowers per stem, and flower color. Leaf morphology and flower color
measurements were collected from populations of both taxa to determine if there were significant
differences in either measurement and if they matched previous descriptions of the two species.
These data were also compared with genetic results to determine if there were correlations
between morphology and genetic identity. A soil sample was taken at each site to determine if
there were correlations between morphology and soil traits. These soil traits were looked at
between species, among populations, and across latitudinal and longitudinal gradients to
determine if there were differences in soil pH or soil concentrations of calcium carbonate,
nitrogen, or phosphorous between species.
Results
Genetics
Phylogenetic results support the recognition of Penstemon yampaensis as a species
distinct from P. acaulis, however the traditional geographic boundaries are inconsistent with
current genetic relationships. Populations in the northeast corner of Utah are more closely related
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to populations of Penstemon yampaensis than P. acaulis. The genetic data supports a geographic
split with P. acaulis only occurring west of Flaming Gorge Reservoir and P. yampaensis
including all populations found east of Flaming Gorge Reservoir in Daggett County, UT, and
Colorado. There was a single observed instance of hybridization in the Radio Tower P. acaulis
population that was a first-generation hybrid with the P. yampaensis genetic group in northeast
Daggett County, UT (Genetic Group 2). There was no hybridization found in any of the other P.
acaulis or P. yampaensis populations, indicating that interspecific gene flow is a rare occurrence
in these taxa.
Phylogenetic analyses revealed two distinct genetic groups within P. acaulis and P.
yampaensis. The population-level phylogenetic tree split the populations into two well-supported
monophyletic groups, P. acaulis west of Flaming Gorge Reservoir and P. yampaensis east of
Flaming Gorge Reservoir. Analyses of genetic structure resolved four distinct genetic groups
across the combined range of both taxa. Populations of P. acaulis showed strong genetic
connectivity, with little differentiation among populations. Levels of genetic differentiation
among populations of P. yampaensis were higher, with populations divided into three geographic
groups. All populations showed similar levels of genetic diversity and low levels of inbreeding.
There was strong evidence of isolation by distance comparing all populations of both taxa,
indicating that gene flow tends to be geographically localized.
Penstemon acaulis and P. yampaensis show good genetic health, as indicated by low
inbreeding coefficients in all populations. Expected and observed heterozygosity were generally
low and very similar for all populations, but there was more variation among populations of P.
yampaensis. Inbreeding coefficients were slightly higher and observed heterozygosity was
slightly lower in populations of P. acaulis than populations of P. yampaensis. Overall, these
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results indicate that diversity is moderate in all populations and inbreeding is not a current threat
and that there is no substantial difference in genetic health among populations of P. acaulis and
P. yampaensis.
Morphology
Leaf length and width were significantly different between Penstemon acaulis and P.
yampaensis as well as among genetic groups. While the P. acaulis populations (genetic Group 1)
and the two easternmost P. yampaensis populations (genetic Group 4) had maximum leaf
measurements consistent with previous morphological descriptions (Ackerfield, 2015; Welsh et
al., 2016), the P. yampaensis populations in northwestern Moffatt County, CO (genetic Group 3)
exhibited intermediate maximum leaf measurements. Both P. acaulis populations had individuals
with some leaves that were under 1.0mm in width while there were none that narrow in the P.
yampaensis populations (Figure 14). Maximum leaf widths in genetic Group 3 (Diamond Peak
and Limestone Ridge) were significantly higher than in P. acaulis and significantly lower than in
other populations of P. yampaensis (Table 8). All P. yampaensis populations had individuals
with some leaves that were wider than 1.8mm, while there were none in either of the P. acaulis
populations that had leaves greater than 1.5mm in width (Figure 14). Leaf widths are therefore a
more reliable method of distinguishing between species; P. acaulis leaves are 0.7mm-1.5mm
wide while P. yampaensis leaves are 1.0mm-2.9mm wide (Table 8).
There were significant differences in flower color measurements between species and
genetic groups. Significant differences in reds and blue among populations (Figure 17, Appendix
– Figures 2-3) supported previous descriptions of blueish-lilac flowers in P. yampaensis
compared to blue flowers in P. acaulis (Ackerfield, 2015; Welsh et al., 2016). The gradient of
red values in flowers across populations of P. acaulis and P. yampaensis may be related to
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gradual expansion, the founder effect, and genetic isolation, as is the case in other flowering
plants (Koski & Galloway, 2020; Masco et al., 2004). Morphometric data from populations in
Genetic Group 3 should align with data from the remaining P. yampaensis populations (Genetic
Group 4) based on previous morphological descriptions for P. yampaensis, however results
indicate that these may be more similar to previous morphological descriptions of P. acaulis in
eastern Daggett County, UT (Welsh et al., 2016) than morphological descriptions of P.
yampaensis (Ackerfield, 2015). Red values in genetic Group 3 were similar to values in genetic
Group 4 while blue values were similar to values in genetic Group 1 (Figure 17).
While there were significant differences in leaf morphology and many flower color
measurements among species and genetic groups, differences in populations explained more
variation than in species or genetic groups for all leaf and flower morphometric data.
Morphological variability is somewhat continuous across the landscape and range, suggesting
that factors other than genetic history may play a role in morphological traits, such as
temperature, precipitation, or soil.
Soil
While Penstemon acaulis and P. yampaensis are both found in calcareous soils, previous
reports on the two species showed small differences in soil concentrations of nitrogen and
phosphorous (Jouseau, 2012). Many soil traits were highly variable among populations, and
there were significant differences between Penstemon acaulis and P. yampaensis in
concentrations of manganese and significant differences among genetic groups for
concentrations of magnesium, the base saturation of magnesium, and the percent by weight of
gravel. Percent by weight of gravel and concentrations of manganese showed a significant
relationship with longitude but all other latitudinal and longitudinal comparisons were non-
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significant. These results support soil traits varying along geographic gradients rather than being
unique to each species. None of the four targeted soil traits were significantly different between
Penstemon acaulis and P. yampaensis, however these also followed trends of soil traits along
latitudinal and longitudinal gradients.
Leaf length and width were found to have significant relationships with many soil
elements and traits, however these leaf and soil measurements also varied along longitudinal and
latitudinal gradients. This indicating that morphology and soil traits may be coincidentally
aligned across longitudinal and latitudinal gradients instead of having a direct relationship. Blue
and green color measurements had significant relationships with soil concentrations of calcium.
Calcium concentrations were not significantly different between species and had no significant
relationship with longitude or latitude, indicating that these flower color measurements may be
directly influenced by soil concentrations of calcium in populations of P. acaulis and P.
yampaensis. The significant relationship between flower color and calcium concentrations would
benefit from further analyses with larger sample sizes and a greater number of populations
represented.
Genetic and morphological results indicate that Penstemon acaulis and P. yampaensis are
closely related, recently diverged species. Flaming Gorge Reservoir now provides an effective
barrier to gene flow between P. acaulis and any of the P. yampaensis populations. The
intermediate morphologies in westernmost populations of P. yampaensis indicate that
morphological variations between taxa may have been the result of natural variation across a
single species range prior the two taxa becoming isolated from each other. The monophyly of
each P. yampaensis population sampled also supports a radiative expansion eastward from the P.
acaulis range with strong founder effects, which is consistent with the evolutionary history of

103
Penstemon in North America. While morphological descriptions for P. acaulis are still accurate
(Welsh et al., 2016), the intermediate morphologies of P. yampaensis populations in northeast
Daggett County, UT, and northwest Moffatt County, CO, are not reflected in current species
descriptions (Ackerfield, 2015). In addition to updating the geographic boundary for both
species, the morphological description for P. yampaensis should be modified to include the
morphological traits of the westernmost populations to accurately reflect morphological variety.
Management Recommendations
Penstemon acaulis and P. yampaensis should continue to be treated as two distinct
species, however the geographic shift in species boundaries does have impacts for management.
The U.S. Fish and Wildlife Service determined in 1985 that neither P. acaulis nor P. yampaensis
warranted listing under the ESA because they were both more abundant or widespread than
previously though (USFWS, 1985). In 1993, however, P. acaulis was reviewed for listing again
and at that time it was determined it might warrant listing but the U.S. Fish and Wildlife service
lacked sufficient data to make that decision (USFWS, 1993). The previous geographic range of
P. acaulis extended from Sweetwater County, WY, to the border of Utah in Daggett County, UT,
while the new geographic range of P. acaulis only occurs in a 900 square kilometer area west of
Flaming Gorge Reservoir. Previous population estimates and herbarium collections indicate a
relatively high density of P. acaulis individuals spread throughout this area (Jouseau, 2012),
however this loss of redundancy means that a large, local disturbance could impact a significant
portion of the P. acaulis populations. Penstemon acaulis populations show a high level of
genetic connectivity with no distinction among most populations, so any populations from the
core range chosen for protection should represent most of the genetic diversity within that
species. Inbreeding coefficients vary among populations, but they are all relatively low and
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should not have negative consequences in protected populations. While inbreeding is not
currently a significant concern, the restricted range and lack of genetic differentiation within P.
acaulis indicates that it is more susceptible to both broader threats and local disturbance and
warrants protection. The ESA identifies curtailment of habitat or range as the first of five factors
in determining if a species warrants listing as threatened or endangered (USFWS, 2003). The
reduction in range for P. acaulis presents a case for revaluation under the ESA and the genetic
data presented in this study can be used to help make that determination.
Penstemon yampaensis is more widespread than previously described (Ackerfield, 2015;
Jouseau, 2012; Welsh et al., 2016), however previous population estimates throughout the new
range indicate small, scattered populations with potentially low connectivity (Jouseau, 2012).
Genetic results support this, with structure showing three strong genetic groups. The small
population sizes, patchy distribution, and population structure suggest that P. yampaensis might
be more sensitive to landscape or pollinator changes and could benefit from some level of
protection. Due to the distinctions between groups within this species, one population from each
genetic group should be selected for protection in order to preserve the maximum amount of
genetic diversity. Diversity measures are very similar among populations within groups, so any
populations from each group should provide an accurate representation of the regional genetic
diversity. If no populations from a genetic group are able to be protected, conservation efforts
should prioritize seed collections from populations in that genetic group. While inbreeding
coefficients vary among populations, they are all relatively low and should not have negative
consequences in protected populations.
This study shows that Penstemon acaulis and P. yampaensis are two distinct species, but
with different ranges than previously described. The range of P. yampaensis was increased,
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while the range of P. acaulis was significantly decreased. Both species exhibited good genetic
health with low to moderate levels of diversity and very little to no evidence of inbreeding.
Penstemon yampaensis showed strong population structure while P. acaulis showed little
differentiation among populations, indicating differences in management needs. With a
significantly reduced population, less redundancy, and less genetic diversity than previous
described, Penstemon acaulis should be the primary target of conservation. Population estimates
for P. yampaensis are extremely rough, so population and demographic surveys should be
completed for this species in order to accurately determine conservation needs.

106

References
Ackerfield, J. (2015). Flora of Colorado, 1st edition. BRIT Press, Fort Worth, Texas, USA.
Agapow, P. M., Bininda-Emonds, O. R. P., Crandall, K. A., Gittleman, J. L., Mace, G. M.,
Marshall, J. C., & Purvis, A. (2004). The impact of species concept on biodiversity
studies. The Quarterly Review of Biology, 79(2), 161-179. https://doiorg.unco.idm.oclc.org/10.1086/383542
Agapow, P. M., & Sluys, R. (2005). The reality of taxonomic change. Trends in Ecology and
Evolution, 20(6), 278-280. https://doi.org/10.1016/j.tree.2005.04.001
Amadon, D. (1949). The seventy-five percent rule for subspecies. The Condor, 51(6), 250-258.
https://doi.org/1364805
Amadon, D., & Short, L. L. (1992). Taxonomy of lower categories-Suggested guidelines.
Bulletin of the British Ornithologists’ Club Centenary Supplemental, 112A, 11-38.
Andrews, K. R., Good, J. M., Miller, M. R., Luikart, G., & Hohenlohe, P. A. (2016). Harnessing
the power of RADseq for ecological and evolutionary genetics. Nature Reviews, 17, 8192. https://doi.org/10.1038/nrg.2015.28
Appelhans, M. S., Paetzold, C., Wood, K. R., & Wagner, W. L. (2020). RADseq resolves the
phylogeny of Hawaiian Myrsine (Primulaceae) and provides evidence for hybridization.
Journal of Systematics and Evolution, 58(6), 823-840. https://doi.org/10.1111/jse.12668

107
Arnold, M. L., Bulger, M. R., Burke, J. M., Hempel, A. L., & Williams, J. H. (1999). Natural
hybridization: How low can you go and still be important? Ecology, 80(2), 371-381.
https://doi-org.unco.idm.oclc.org/10.1890/00129658(1999)080[0371:NHHLCY]2.0.CO;2
Avise, J. C., & Nelson, W. S. (1989). Molecular genetic relationships of the extinct dusky
seaside sparrow. Science, 243(4891), 646-648.
https://doi.org/10.1126/science.243.4891.646
Avise, J. C., & Walker, D. E. (1999). Species realities and numbers in sexual vertebrates:
Perspectives from an asexually transmitted genome. Proceedings of the National
Academy of Sciences of the United States of America, 96, 992-995.
https://doi.org/10.1073/pnas.96.3.992
Baird, N. A., Etter, P. D., Atwood, T. S., Currey, M. C., Shiver, A. L., Lewis, Z. A., Selker, E.
U., Cresko, W. A., & Johnson, E. A. (2008). Rapid SNP discovery and genetic mapping
using sequenced RAD markers. PLoS ONE, 3(10), e3376.
https://doi.org/10.1371/journal.pone.0003376
Ball, R. M., & Avise, J. C. (1992). Mitochondrial DNA phylogeographic differentiation among
avian populations and the evolutionary significance of subspecies. The Auk, 109(3), 626636. https://doi.org/10.1093/auk/109.3.626
Baskauf, C. J., Jinks, N. C., Mandel, J. R., & McCauley, D. E. (2014). Population genetics of
Braun’s rockcress (Boechera perstellata, Brassicaceae), an endangered plant with a
disjunct distribution. Journal of Heredity, 105(2), 265-275.
https://doi.org/10.1093/jhered/est074

108
Bayer, E., & Lopez, G. (1991). Centaurium barrelieroides Pau and C. rigualii Esteve
(Gentianaceae), two local Mediterranean endemics? Anales del Jardin Botanico de
Madrid, 49(1), 57-65.
Blanca, G. (1981). Revision of the genus Centaurea L. Sect. Willkommia G. Blanca. Nom. Nov.
Lagascalia, 10, 131-205.
Blanca, G., Ruiz-Rejon, M., & Zamora, R. (1999). Taxonomic revision of the genus Pinguicula
L. in the Iberian Peninsula. Folia Geobotanica, 34(3), 337-361.
https://doi.org/10.1007/BF02912819
Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics, 30(15), 2114-2120.
https://doi.org/10.1093/bioinformatics/btu170
Bresowar, G. E., & McGlaughlin, M. E. (2015). Morphological and genetic discrepancies in
populations of Oreocarya paradoxa and O. revealii: The impact of edaphic selection on
recent diversification in the Colorado Plateau. American Journal of Botany, 102(10),
1647-1658. https://doi.org/10.3732/ajb.1500278
Brock, J. R., Donmez, A. A., Beilstein, M. A., & Olsen, K. M. (2018). Phylogenetics off
Camelina Crantz. (Brassicaceae) and insights on the origin of gold-of-pleasure (Camelina
sativa). Molecular Phylogenetics and Evolution, 127, 834-842.
https://doi.org/10.1016/j.ympev.2018.06.031
Brys, R., Broeck, A. V., Mergeay, J., & Jacquemyn, H. (2013). The contribution of mating
system variation to reproductive isolation in two closely related Centaurium species
(Gentianaceae) with a generalized flower morphology. Evolution, 68(5), 1281-1293.
https://doi.org/10.1111/evo.12345

109
Cai, C., Xiao, J., Ci, X., Conran, J. G., & Li, J. (2021). Genetic diversity of Horsfieldia
tetratepala (Myristicaceae), an endangered plant species with extremely small
populations to China: Implications for its conservation. Plant Systematics and Evolution,
307, 50. https://doi.org/10.1007/s00606-021-01774-z
Campbell, D. R., Jurgens, A., & Johnson, S. D. (2016). Reproductive isolation between
Zaluzianskya species: The influence of volatiles and flower orientation on hawkmoth
foraging choices. The New Phytologist, 210(1), 333-342.
https://doi.org/10.1111/nph.13746
Cardona, J., Lara, C., & Ornelas, J. F. (2020). Pollinator divergence and pollination isolation
between hybrids with different floral color and morphology in two sympatric Penstemon
species. Scientific Reports, 10(1), 8126. https://doi.org/10.1038/s41598-020-64964-8
Carvalho, J. D. T., Essi, L., & Oliveira, J. M. S. (2017). Flower and floral trichome morphology
of species of Dyckia Schult. f. (Bromeliaceae, Pitcairnioideae), and their importance to
species characterization and genus taxonomy. Acta Botanica Brasilica, 31(1), 29-41.
https://doi.org/10.1590/0102-33062016abb0335
Cavender-Bares, J., Gonzalez-Rodriguez, A., Eaton, D. A. R., Hipp, A. A. L., Beulke, A., &
Manos, P. S. (2015). Phylogeny and biogeography of the American live oaks (Quercus
subsection Virentes): A genomic and population genetics approach. Molecular Ecology,
24, 3668-3687. https://doi.org/10.1111/mec.13269
Chitchak, N., Traiperm, P., Staples, G., Rattanakrajang, P., & Sumanon, P. (2018). Species
delimitation of some Argyreia (Convolvulaceae) using phenetic analyses: Insights from
leaf anatomical data reveal a new species. Botany, 96(4), 217-233.
https://doi.org/10.1139/cjb-2017-0108

110
Colorado Bureau of Land Management (BLM). (2015). Sensitive plant species list. Colorado
Bureau of Land Management, Lakewood, Colorado, USA.
Colorado Natural Heritage Program. (2017). Colorado rare plant guide: Master field guide list.
Retrieved January 24, 2022, from
https://cnhp.colostate.edu/rareplants/list.asp?list=master
Coyne, J. A. (1992). Genetics and speciation. Nature, 355(6360), 511-515.
https://doi.org/10.1038/355511a0
Cronquist, A., Holmgren, H., Holmgren, N. H., Reveal, J. L., & Holmgren, P. K. (1984).
Intermountain flora: Vascular plants of the Intermountain West, USA. Volume 4,
Subclass Aristidae. New York Botanical Garden, Bronx, New York, USA.
Crump, W. W., Stettler, J. M., Johnson, R. L., Anderson, C. D., Harrison, S., Meservey, L. M., &
Stevens, M. R. (2020). Flower color variation in Jones’ penstemon, Penstemon ×jonesii
Pennell (P. eatonii A. Gray × P. laevis Pennell) (Plantaginaceae). Western North
American Naturalist, 80(2), 131-145. https://doi.org/10.3398/064.080.0201
Davey, J. W., & Blaxter, M. L. (2011). RADSeq: Next-generation population genetics. Briefings
in Functional Genomics, 9(5), 416-423. https://doi.org/10.1093/bfgp/elq031
D’Elia, J. (2014). California Condors in the Pacific Northwest: Integrating history, molecular
ecology, and spatial modeling for reintroduction planning [doctoral dissertation]. Oregon
State University, Corvallis, Oregon, USA.
https://ir.library.oregonstate.edu/concern/graduate_thesis_or_dissertations/z890s0151
De Vos, J. M., Joppa, L. N., Gittleman, J. L., Stephens, P. R., & Pimm, S. L. (2015). Estimating
the normal background rate of species extinction. Conservation Biology, 29(2), 452-462.
https://doi.org/10.1111/cobi.12380

111
Dockter, R. B., Elzinga, D. B., Geary, B., Maughan, P. J., Johnson, L. A., Tumbleson, D.,
Franke, J., Dockter, K., & Stevens, M. R. (2013). Developing molecular tools and
insights into the Penstemon genome using genomic reduction and next-generation
sequencing. BMC Genomics, 14, 66.
Dorn, R. D. (2001). Vascular plants of Wyoming: Penstemon acaulis. Mountain West
Publishing, Cheyenne, Wyoming, USA.
Doyle, J. J., & Doyle, J. L. (1986). A rapid DNA isolation procedure for small quantities of fresh
leaf tissues. Phytochemical Bulletin, 19(1), 11-15.
Dubois, A. (2003). The relationships between taxonomy and conservation biology in the century
of extinctions. Comptes Rendus Biologies, 326, S9-S21. https://doi.org/10.1016/s16310691(03)00022-2
Duwe, V. K., Muller, L. A. H., Reichel, K., Zippel, E., Borsch, T., & Ismail, S. A. (2018).
Genetic structure and genetic diversity of the endangered grassland plant Crepis mollis
(Jacq.) Asch. as a basis for conservation management in Germany. Conservation
Genetics, 19, 527-543. https://link.springer.com/article/10.1007/s10592-017-1025-8
Eaton, D. A. R., & Overcast, I. (2020). Ipyrad: Interactive assembly and analysis of RADseq
datasets. Bioinformatics, 36(8), 2592-2594. https://doi.org/10.1093/bioinformatics/btz966
Eaton, D. A. R., & Ree, R. H. (2013). Inferring phylogeny and introgression using RADseq data:
An example from flowering plants (Pedicularis: Orobanchaceae). Systematic Biology,
62(5), 689-706. https://doi.org/10.1093/sysbio/syt032
Ehlers, J., & Gibbard, P. L. (2007). The extent and chronology of Cenozoic global glaciation.
Quaternary International, 164, 6-20. https://doi.org/10.1016/j.quaint.2006.10.008

112
Eizirik, E., Kim, J. H., Menotti-Raymond, M., Crawshaw, P. G., O’Brien, S. J., & Johnson, W.
E. (2001). Phylogeography, population history and conservation genetics of jaguars
(Panthera onca, Mammalia, Felidae). Molecular Eccology, 10, 65-79. https://doiorg.unco.idm.oclc.org/10.1046/j.1365-294X.2001.01144.x
Ellstrand, N. C. (1992a). Gene flow among seed plant populations. New Forests, 6, 241-256.
https://doi.org/10.1007/BF00120647
Ellstrand, N. C. (1992b). Gene flow by pollen: Implications for plant conservation genetics.
OIKOS, 63, 77-86. https://doi.org/10.2307/3545517
Ellstrand, N. C., & Elam, D. R. (1993). Population genetic consequences of small population
size: Implications for plant conservation. Annual Review of Ecology, Evolution, and
Systematics, 24, 217-242. https://doi.org/10.1146/annurev.es.24.110193.001245
Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: a new series of programs to
perform population genetics analyses under Linux and Windows. Molecular Ecology
Resources, 10(3), 564-567. https://doi.org/10.1111/j.1755-0998.2010.02847.x
Fertig, W. (1999). Wyoming Basin Ecoregion target plant species and potential plant
conservation sites. Wyoming Natural Diversity Database, Laramie, Wyoming, USA.
https://wyoscholar.uwyo.edu/articles/report/Wyoming_Basins_Ecoregion_target_plant_s
pecies_and_potential_plant_conservation_sites/13705582/1
Fertig, W., & Thurston, R. (2003). Modeling the potential distribution of BLM Sensitive and
USFWS Threatened and Endangered plant species in Wyoming. Wyoming Natural
Diversity Database, Laramie, Wyoming, USA.

113
Fertig, W., & Welp, L. (2001). Status of Stemless Beardtongue (Penstemon acaulis var. acaulis)
in southwest Wyoming. Wyoming Natural Diversity Database, Laramie, Wyoming, USA.
https://www.uwyo.edu/wyndd/_files/docs/reports/wynddreports/u12jou01wyus.pdf
Frankham, R. (2010). Where are we in conservation genetics and where do we need to go?
Conservation Genetics, 11(2), 661-663. https://doi.org/10.1007/s10592-009-0010-2
Freeman, C. C. (2020a). Penstemon section Cristati (Rydberg) Pennell. In: Flora of North
America Editorial Committee, eds. 1993+. Flora of North America north of Mexico
[Online]. 22+ vols. New York and Oxford. Vol. 17. Retrieved February 21, 2022, from
http://floranorthamerica.org/Penstemon_sect._Cristati
Freeman, C. C. (2020b). Penstemon Section Glabri (Rydberg) Pennell. In: Flora of North
America Editorial Committee, eds. 1993+. Flora of North America north of Mexico
[Online]. 22+ vols. New York and Oxford. Vol. 17. Retrieved February 21, 2022, from
http://floranorthamerica.org/Penstemon_sect._Glabri
Freeman, C. C. (2021). Penstemon Schmidel. In: Flora of North America Editorial Committee,
eds. 1993+. Flora of North America north of Mexico [Online]. 22+ vols. New York and
Oxford. Vol. 17. Retrieved Februry 21, 2022, from
http://floranorthamerica.org/Penstemon
Freeman, C. C. (2022). Penstemon Section Penstemon. In: Flora of North America Editorial
Committee, eds. 1993+. Flora of North America north of Mexico [Online]. 22+ vols.
New York and Oxford. Vol. 17. Retrieved February 21, 2022, from
http://floranorthamerica.org/Penstemon_sect._Penstemon

114
Funk, V. A., Gostel, M., Devine, A., Kelloff, C. L., Wurdack, K., Tuccinardi, C., Radosavljevic,
A., Peters, M., & Coddington, J. (2017). Guidelines for collecting vouchers and tissues
intended for genomic work (Smithsonian Institution): Botany Best Practices. Biodiversity
Data Journal, 5(4), 1-24. https://doi.org/10.3897/BDJ.5.e11625
Funk, W. C., Forsman, E. D., Mullins, T. D., & Haig, S. M. (2008). Introgression and dispersal
among spotted owl (Strix occidentalis) subspecies. Evolutionary Applications, 1(1), 161171. https://doi.org/10.1111/j.1752-4571.2007.00002.x
Furches, M. S., Small, R. L., & Furches, A. (2013). Genetic diversity in three endangered pitcher
plant species (Sarracenia; Sarraceniaceae) is lower than widespread congeners. Americal
Journal of Botany, 100(10), 2092-2101. https://doi.org/10.3732/ajb.1300037
Gostel, M. R., Kelloff, C., Wallick, K., & Funk, V. A. (2016). A workflow to preserve genomequality tissue samples from plants in botanical gardens and arboreta. Applications in
Plant Sciences, 4(9), 1600039. https://doi.org/10.3732/apps.1600039
Haig, S. M., & Allendorf, F. W. (2006). Hybrids and policy. In: Scott, J.M., Goble, D.D., &
Davis, F.W., editors. The Endangered Species Act at thirty, volume 2: Conserving
biodiversity in human-dominated landscapes. Island Press, Washington, D.C., USA.
https://digitalcommons.unl.edu/usgsstaffpub/708/
Haig, S. M., Beever, E. A., Chambers, S. M., Draheim, H. M., Dugger, B. D., Dunham, S.,
Elliott-Smith, E., Fontaine, J. B., Kesler, D. C., Knaus, B. J., Lopes, I. F., Loschl, P.,
Mullins, T. D., & Sheffield, L. M. (2006). Taxonomic considerations in listing subspecies
under the U.S. Endangered Species Act. Conservation Biology, 20(6), 1584-1594.
https://doi.org/10.1111/j.1523-1739.2006.00530.x

115
Haig, S. M., Miller, M. P., Bellinger, R., Draheim, H. M., Mercer, D. M., & Mullins, T. D.
(2015). The conservation genetics juggling act: Integrating genetics and ecology, science
and policy. Evolutionary Applications, 9, 181-195. https://doi.org/10.1111/eva.12337
Haig, S. M., Mullins, T. D., & Forsman, E. D. (2004). Subspecific relationships and genetic
structure in the spotted owl. Conservation Genetics, 5, 683-705.
https://doi.org/10.1007/s10592-004-1864-y
Haig, S. M., Mullins, T. D., Forsman, E. D., Trail, P. W., & Wennerberg, L. (2004). Genetic
identification of spotted owls, barred owls, and their hybrids: Legal implications of
hybrid identity. Conservation Biology, 18(5), 1347-1357. https://doi.org/10.1111/j.15231739.2004.00206.x
Haig, S. M., Wagner, R. S., Forsman, E. D., & Mullins, T. D. (2001). Geographic variation and
genetic structure in spotted owls. Conservation Genetics, 2, 25-40.
https://doi.org/10.1023/A:1011561101460
Haig, S. M., & Winker, K. (2010). Avian subspecies: summary and prospectus. Ornithological
Monographs, 67(1), 172-175. https://doi.org/10.1525/om.2010.67.1.172
Haines, A. M., Leu, M., Costante, D. M., Treakle, T. C., Parenti, C., Miller, J. R. B., & Malcom,
J. W. (2021). Benchmark for the ESA: Having a backbone is good for recovery. Frontiers
in Conservation Science, 2, 630490. https://doi.org/10.3389/fcosc.2021.630490/full
Hamrick, J. L., & Godt, M. J. W. (1996). Effects of life history traits on genetic diversity in plant
species. Philosophical Transactions: Biological Sciences, 351(1345), 1291-1298.
https://doi.org/10.1098/rstb.1996.0112

116
Harris, D. J., & Froufe, E. (2005). Taxonomic inflation: Species concept or historical geopolitical
bias? Trends in Ecology and Evolution, 20(1), 6-7.
https://doi.org/10.1016/j.tree.2004.11.004
Hartvig, I., So, T., Changtragoon, S., Tran, H. T., Bouamanivong, S., Ogden, R., Senn, H.,
Vieira, F. G., Turner, F., Talbot, R., Theilade, I., Nielson, L. R., & Kjaer, E. D. (2020).
Conservation genetics of the critically endangered Siamese rosewood (Dalbergia
cochinchinensis): Recommendations for management and sustainable use. Conservation
Genetics, 21, 677-692. https://doi.org/10.1007/s10592-020-01279-1
Hawkins, T. S., Baskin, J. M., & Baskins, C. C. (2007). Seed morphology, germination
phenology, and capacity to form a seed bank in six herbaceous layer Apiaceae Species of
the Eastern Deciduous Forest. Castanea, 72, 8-14. https://doi.org/10.2179/00087475(2007)72[8:SMGPAC]2.0.CO;2
Hewitt, G. M. (2004). Genetic consequences of climatic oscillations in the Quaternary.
Philosophical Transactions of the Royal Society B: Biological Sciences, 359(1442), 183195. https://doi.org/10.1098/rstb.2003.1388
Holmgren, N. H. (1998). Two new species of Penstemon (Scrophulariaceae: sect. Saccanthera)
from Nevada, U.S.A. Brittonia, 15(2), 159-164. https://doi.org/10.2307/2807845
Hudson, R. R., & Coyne, J. A. (2002). Mathematical consequences of the genealogical species
concept. Evolution, 56(8), 1557-1565. https://doi.org/10.1111/j.00143820.2002.tb01467.x

117
Integrated Taxonomic Information System (ITIS). (2021a). Penstemon acaulis TSN 33798.
Retrieved February 21, 2022, From
https://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN&search_value=337
98#null
Integrated Taxonomic Information System (ITIS). (2021b). Penstemon acaulis var. yampaensis
TSN 538469. Retrieved February 21, 2022, from
https://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN&search_value=538
469#null
Integrated Taxonomic Information System (ITIS). (2021c). Penstemon yampaensis TSN 33796.
Retrieved February 21, 2022, from
https://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN&search_value=337
96#null
International Union for the Conservation of Nature (IUCN). (2021). The IUCN Red List of
threatened species. Version 2021-3. Species search. Retrieved January 24, 2022, from
https://www.iucnredlist.org/search?searchType=species
Isaac, N. J. B., Mallet, J., & Mace, G. M. (2004). Taxonomic inflation: Its influence on
macroecology and conservation. Trends in Ecology and Evolution, 19(9), 464-469.
https://doi.org/10.1016/j.tree.2004.06.004
Izawa, T., Kawahara, T., & Takahashi, H. (2007). Genetic diversity of an endangered plant,
Cypripedium macranthos var. rebunense (Orchidaceae): Background genetic research for
future conservation. Conservation Genetics, 8, 1369-1376.
https://doi.org/10.1007/s10592-007-9287-1

118
Jackiw, R. N., Mandil, G., & Hager, H. A. (2015). A framework to guide the conservation of
species hybrids based on ethical and ecological considerations. Conservation Biology,
29(4), 1040-1051. https://doi.org/10.1111/cobi.12526
Johnson, I. M., Edwards, T. J., & Johnson, S. D. (2021). Geographical variation in flower color
in the grassland daisy Gerbera aurantiaca: Testing for associations with pollinators and
abiotic factors. Frontiers in Ecology & Evolution, 28(9), 676529.
https://doi.org/10.3389/fevo.2021.676520
Johnson, R. L., Stevens, M. R., Johnson, L. A., Robbins, M. D., Anderson, C. D., Ricks, N. J., &
Farley, K. M. (2016). Molecular and morphological evidence for Penstemon luculentus
(Plantaginaceae): A replacement name for Penstemon fremontii var. glabrescens.
PhytoKeys, 63, 47-62. https://doi.org/10.3897/phytokeys.63.7952
Jones, M. R., Winkler, D. E., & Massatti, R. (2021). Demographic modeling informs functional
connectivity and management interventions in Graham’s beardtongue. Conservation
Genetics, 22(6), 993-1003. https://doi.org/10.1007/s10592-021-01392-9
Jouseau, M. R. (2012). Status report on Penstemon acaulis (Stemless Beardtongue) and
Penstemon yampaensis (Yampa Beardtongue) in Colorado, Utah, and Wyoming.
Prepared for the Wyoming Natural Diversity Database, Laramie, Wyoming, USA.
https://www.uwyo.edu/wyndd/_files/docs/reports/wynddreports/u12jou01wyus.pdf
Kasajima, I. (2016). Alexandrite-like effect in purple flowers analyzed with newly devised round
RGB diagram. Scientific Reports, 6(1), 29630. https://doi.org/10.1038/srep29630
Kasajima, I. (2019). Measuring plant colors. Plant Biotechnology (Tokyo), 36(2), 63-75.
https://doi.org/10.5511/plantbiotechnology.19.0322a

119
Kaulfuβ, F., & Reisch, C. (2017). Reintroduction of the endangered and endemic plant species
Cochlearia bavarica – Implications from conservation genetics. Ecology and Evolution,
7(24), 11100-11112. https://doi.org/10.1002/ece3.3596
Keck, D. D. (1937). Studies in Penstemon IV. The Section Ericopsis. Bulletin of the Torrey
Botanical Club, 64(6), 357-381. https://doi-org.unco.idm.oclc.org/2481121
Keck, D. D. (1938). Studies in Penstemon VI. The Section Aurator. Bulletin of the Torrey
Botanical Club, 65(4), 233-255. https://doi-org.unco.idm.oclc.org/2480925
Kendal, D., Hauser, C. E., Garrard, G. E., Jellinek, S., Giljohann, K. M., & Moore, J. L. (2013).
Quantifying plant colour and colour difference as perceived by humans using digital
images. PLoS ONE, 8(8), e72296. https://doi.org/10.1371/journal.pone.0072296
Kim, K. C., & Byrne, L. B. (2006). Biodiversity loss and the taxonomic bottleneck: Emerging
biodiversity science. Ecological Research, 21, 794-810. https://doi.org/10.1007/s11284006-0035-7
Kimura, M. K., Uchiyama, K., Katsuhiro, N., Moriguchi, Y., Jose-Maldia, L. S., & Tsumura, Y.
(2014). Evidence for cryptic northern refugia in the last glacial period in Cryptomeria
japonica. Annals of Botany, 114(8), 1687-1700. https://doi.org/10.1093/aob/mcu197
Kinosian, S. P., Pearse, W. D., & Wolf, P. G. (2020). Cryptic diversity in the model fern genus
Ceratopteris (Pteridaceae). Molecular Phylogenetics and Evolution, 152, 106938.
https://doi.org/10.1016/j.ympev.2020.106938
Knapp, S., Lughadha, E. N., & Paton, A. (2005). Taxonomic inflation, species concepts and
global species lists. Trends in Ecology and Evolution, 20(1), 7-8.
https://doi.org/10.1016/j.tree.2004.11.001

120
Koski, M. H., & Galloway, L. F. (2020). Geographic variation in floral color and feflectance
correlates with temperature and colonization history. Frontiers in Plant Science, 11, 991.
https://doi.org/10.3389/fpls.2020.00991
Kramer, A. T., Fant, J. B., & Ashley, M. V. (2011). Influences of landscape and pollinators on
population genetic structure: Examples from three Penstemon (Plntaginaceae) species in
the Great Basin. American Journal of Botany, 98(1), 109-121.
https://doi.org/10.3732/ajb.1000229
Kramer, A. T., & Havens, K. (2009). Plant conservation genetics in a changing world. Trends in
Plant Science, 14(11), 599-607. https://doi.org/10.1016/j.tplants.2009.08.005
Kramer, A. T., Ison, J. L., Ashley, M. V., & Howe, H. F. (2008). The paradox of forest
fragmentation genetics. Conservtion Biology, 22(4), 878-885.
https://doi.org/10.1111/j.1523-1739.2008.00944.x
Krapp, F., Pinange, D. S. B., Benko-Iseppon, A. M., Leme, E. M. C., & Weising, K. (2014).
Phylogeny and evolution of Dyckia (Bromeliaceae) inferred from chloroplast and nuclear
sequences. Plant Systematics and Evolution, 300, 1591-1614.
https://doi.org/10.1007/s00606-014-0985-0
Krening, P., & Palmer, B. (2020). BLM – Colorado species status plant species. Colorado
Bureau of Land Management, Lakewood, Colorado, USA.
https://www.blm.gov/sites/blm.gov/files/docs/2021-01/CO%20BLM%20%20special%20status%20plants_Revised3_20.pdf
Kruckeberg, A. R. (1986). An essay: The stimulus of unusual geologies for plant speciation.
Systematic Botany, 11(3), 455-463. https://doi.org/10.2307/2419082

121
Kuo, C. H., & Avise, J. C. (2005). Phylogeographic breaks in low-dispersal species: The
emergence of concordance across gene trees. Genetica, 124, 179-186.
https://doi.org/10.1007/s10709-005-2095-y
Lankau, R., Jorgensen, P. S., Harris, D. J., & Sih, A. (2010). Incorporating evolutionary
principles into environmental management and policy. Evolutionary Applications, 4(2),
315-325. https://doi.org/10.1111/j.1752-4571.2010.00171.x
Larson, S. E. (1997). Taxonomic re-evaluation of the jaguar. Zoo Biology, 16, 107-120.
https://doi.org/10.1002/(SICI)1098-2361(1997)16:2<107::AID-ZOO2>3.0.CO;2-E
Lee, K. M., Ranta, P., Saarikivi, J., Kutnar, L., Vres, B., Dzhus, M., Mutanen, M., & Kvist, L.
(2019). Using genomic information for management planning of an endangered
perennial, Viola uliginosa. Ecology and Evolution, 10(2), 2638-2649.
https://doi.org/10.1002/ece3.6093
Leimu, R., Mutikainen, P., Koricheva, J., & Fischer, M. (2006). How general are positive
relationships between plant population size, fitness and genetic variation? Journal of
Ecology, 94, 942-952. https://doi.org/10.1111/j.1365-2745.2006.01150.x
Li, Y., Zou, D., Shrestha, N., Xu, X., Wang, Q., Jia, W., & Wang, Z. (2020). Spatiotemporal
variation in leaf size and shape in response to climate. Journal of Plant Ecology, 13(1),
87-96. https://doi.org/10.1093/jpe/rtz053
Lind-Riehl, J. E., Mayer, A. L., Wellstead, A. M., & Gailing, O. (2016). Hybridization, agency
discretion, and implementation of the U.S. Endangered Species Act. Conservation
Biology, 30(6), 1288-1296. https://doi.org/10.1111/cobi.12747

122
Lopez-Gonzalez, N., Bobo-Pinilla, J., Padilla-Garcia, N., Loureiro, J., Castro, S., Rojas-Andres,
B. M., & Martinez-Ortega, M. M. (2021). Genetic similarities versus morphological
resemblance: Unraveling a polyploid complex in a Mediterranean biodiversity hotspot.
Molecular Phylogenetics and Evolution, 155, 107006.
https://doi.org/10.1016/j.ympev.2020.107006
Love, S., & Stevens, M. (2021). Penstemon spotlight – Penstemon yampaensis. Bulletin of the
American Penstemon Society, 80, 2-7.
http://www.penstemons.org/images/bulletins/APS_Bulletin_80-2021.pdf
Lozano, F. D., Saiz, J. C. M., Ollero, H. S., & Schwartz, M. W. (2007). Effects of dynamic
taxonomy on rare species and conservation listing: Insights from the Iberian vascular
flora. Biodiversity and Conservation, 16, 4039-4050. https://doi.org/10.1007/s10531-0079206-2
Masco, M., Noy-Meir, I., & Sersic, A. N. (2004). Geographic variation in flower color patterns
within Calceolaria uniflora Lam. in Southern Patagonia. Plant Systematics & Evolution,
244, 77-91. https://doi.org/10.1007/s00606-003-0083-1
Mayol, M., & Rossello, J. A. (1999). A synopsis of Silene subgenus Petrocoptis
(Caryophyllaceae). Taxon, 48(3), 471-482. https://doi.org/10.2307/1224558
Mayr, E. (1963). Animal species and evolution. Harvard University Press. Cambridge,
Massachusetts, USA.
Mayr, E. (1969). Principles of systematic zoology. McGraw-Hill. New York, New York, USA.

123
Medrano, M., Lopez-Perea, E., & Herrera, C. M. (2014). Genetics methods applied to a species
delimitation problem: endemic trumpet daffodils (Narcissus Section Pseudonarcissi)
from the Southern Iberian Peninsula. International Journal of Plant Sciences, 175(5),
501-517. https://doi.org/10.1086/675977
Meier, I. C., & Leuschner, C. (2008). Leaf size and leaf area index in Fagus sylvatica forests:
Competing effects of precipitation, temperature, and nitrogen availability. Ecosystems,
11, 655-669. https://doi.org/10.1007/s10021-008-9135-2
Meirmans, P. G. (2020). GENODIVE version 3.0: Easy-to-use software for the analysis of
genetic data of diploids and polyploids. Molecular Ecology Resources, 20(4), 1126-1131.
https://doi.org/10.1111/1755-0998.13145
Mercer, D. M., Haig, S. M., & Roby, D. D. (2013). Phylogeography and population genetic
structure of double-crested cormorants (Phalocrocorax auratus). Conservation Genetics,
14, 823-836. https://doi.org/10.1007/s10592-013-0477-8
Miller, M. P., Haig, S. M., & Wagner, R. S. (2006). Phylogeography and spatial genetic structure
of the southern torrent salamander: Implications for conservation and management.
Journal of Heredity, 97(6), 561-570. https://doi.org/10.1093/jhered/esl038
Miller, R. F., Tausch, R. J., McArthur, E. D., Johnson, D. D., & Sanderson, S. C. (2008). Age
structure and expansion of pinon-juniper woodlands: A regional perspective in the
Intermountain West. U.S. Forest Service Rocky Mountain Research Station, Fort Collins,
Colorado, USA. https://www.fs.fed.us/rm/pubs/rmrs_rp069.pdf
Munson, S. M., & Sher, A. A. (2015). Long-term shifts in the phenology of rare and endemic
Rocky Mountain plants. American Journal of Botany, 102(8), 1268-1276.
https://doi.org/10.3732/ajb.1500156

124
Murray, B. G., & Young, A. G. (2001). Widespread chromosome variation in the endangered
grassland forb Rutidosis leptorhynchoides F. Muell. (Asteraceae: Gnaphalieae). Annals of
Botany, 87, 83-90. https://doi.org/10.1006/anbo.2000.1307
NatureServe. (2022a). NatureServe Explorer: An online encyclopedia of life [web application].
Penstemon acaulis. Version 7.1. NatureServe, Arlington, Virginia, USA. Retrieved
January 24, 2022, from
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.158716/Penstemon_acau
lis
NatureServe. (2022b). NatureServe Explorer: An online encyclopedia of life [web application].
Penstemon yampaensis. Version 7.1. NatureServe, Arlington, Virginia, USA. Retrieved
January 24, 2022, from
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.144802/Penstemon_yam
paensis
NatureServe. (2022c). NatureServe Explorer: An online encyclopedia of life [web application].
Species list: Vascular plants – Flowering plants. Version 7.1. NatureServe, Arlington,
Virginia, USA. Retrieved January 24, 2022, from https://explorer.natureserve.org/Search
Neese, E. C. (1986). New taxa and nomenclature changes in Utah Penstemon (Scrophulariaceae).
Great Basin Naturalist, 46(3), 459-460.
Nold, R. (1999). Penstemons. Timber Press, Portland, Oregon, USA.
Nybom, H. (2004). Comparison of different nuclear DNA markers for estimating intraspecific
genetic diversity in plants. Molecular Ecology, 13(5), 1143-1155.
https://doi.org/10.1111/j.1365-294X.2004.02141.x

125
O’Brien, S. J., & Mayr, E. (1991). Bureaucratic mischief: Recognizing endangered species and
subspecies. Science, 251(4988), 1187-1188.
https://doi.org/10.1126/science.251.4998.1187
Penland, C. W. T. (1958). Two new species of Penstemon in Colorado. Madrono, 14, 153-160.
Pereira, M. J., de Freitas, G. P., Arruda, R., & Alves, A. (2020). Coccoloba P. Browne
(Polygonaceae): Taxonomic value of new leaf anatomical and micromorphological
characters in Brazilian species. Flora, 263, 151551.
https://doi.org/10.1016/j.flora.2020.151551
Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E. (2012). Double digest
RADseq: An inexpensive method for de novo SNP discovery and genotyping in model
and non-model species. PLoS ONE, 7(5), e37135.
https://doi.org/10.1371/journal.pone.0037135
Pimm, S. L., Jenkins, C. N., Abell, R., Brooks, T. M., Gittleman, J. T., Joppa, L. N., Raven, P.
H., Roberts, C. M., & Sexton, J. O. (2014). The biodiversity of species and their
extinction, distribution, and protection. Science, 344(6187), 987.
https://doi.org/10.1126/science.1246752
Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of population structure using
multilocus genotype data. Genetics, 155(2), 945-959.
Putz, C. M., Schmid, C., & Reisch, C. (2015). Living in isolation – Population structure,
reproduction, and genetic variation of the endangered plant species Dianthus
gratianopolitanus (Cheddar pink). Ecology and Evolution, 5(17), 3610-3621.
https://doi.org/10.1002/ece3.1611

126
Qiao, Q., Ye, M., Wu, c., Wang, J., Liu, Q., Tao, J., Zhang, L., & Feng, Z. (2022). Analysis of
leaf morphology variation and genetic diversity via SRAP markers for near-threatened
plant Acer truncatum. Global Ecology & Evolution, 33, e01980.
https://doi.org/10.1016/j.gecco.2021.e01980
Rabinowitz, D. (1981). Seven forms of rarity. In: Synge, H., editor. The biological aspects of
rare plant conservation. John Wiley & Sons, Ltd., New York, New York, USA.
Raj, A., Stephens, M., & Pritchard, J. K. (2014). fastSTRUCTURE: variational inference of
populations structure in large SNP data sets. Genetics, 197(2), 573-589.
https://doi.org/10.1534/genetics.114.164350
Ramey, R. R., Liu, H. P., Epps, C. W., Carpenter, L. M., & Wehausen, J. D. (2005). Genetic
relatedness of the Preble’s meadow jumping mouse (Zpus hudsonius preblei) to nearby
subspecies of Z. hudsonius as inferred from variation in cranial morphology,
mitochondrial DNA and microsatellite DNA: Implications for taxonomy and
conservation. Animal Conservation, 8, 329-346.
https://doi.org/10.1017/S1367943005002313
Red’kina, N. N., Mullagulov, R. Y., Yanbaev, Y. A., Muldashev, A. A., & Akilov, R. Z. (2008).
Hybrid peony (Paionia hybrida Pall.), a rare endangered plant of Bashkir Trans-Uralian
region: Autocorrelation analysis of the special genotype distribution under different
environmental conditions. Contemporary Problems of Ecology, 1(6), 707-711.
https://doi.org/10.1134/S1995425508060155
Reverte, S., Retana, J., Gomez, J. M., & Bosch, J. (2016). Pollinators show flower colour
preferences but flowers with similar colours do not attract similar pollinators. Annals of
Botany, 118(2), 249-257. https://doi.org/10.1093/aob/mcw103

127
Roda, F., Ambrose, L., Walter, G. M., Liu, H. L., Schaul, A., Lowe, A., Pelser, P. B., Prentis, P.,
Rieseberg, L. H., & Ortiz-Barrientos, D. (2013). Genomic evidence for the parallel
evolution of coastal forms in the Senecio lautus complex. Molecular Ecology, 22, 29412952. https://doi.org/10.1111/mec.12311
Rodriguez-Pena, R. A., Johnson, R. L., Johnson, L. A., Anderson, C. D., Ricks, N. J., Farley, K.
M., Robbins, M. D., Wolfe, A. D., & Stevens, M. R. (2018). Investigating the genetic
diversity and differentiation patterns in the Penstemon scariosus species complex under
different sample sizes using AFLPs and SSRs. Conservation Genetics, 19, 1335-1348.
https://doi.org/10.1007/s10592-018-1103-6
Ruiz, D. C., Machio, I. V., Nieto, A. H., & Feliner, G. N. (2021). Hybridization and cryptic
speciation in the Iberian endemic plant genus Phalacrocarpum (AsteraceaeAnthemideae). Molecular Phylogenetics and Evolution, 156, 107024.
https://doi.org/10.1016/j.ympev.2020.107024
Santamaria, L., & Mendez, P. F. (2012). Evolution in biodiversity policy – Current gaps and
future needs. Evolutionary Applications, 5, 202-218. https://doi.org/10.1111/j.17524571.2011.00229.x
Schluter, D. (2009). Evidence for ecological speciation and its alternative. Science, 323(5915),
737-741. https://doi.org/10.1126/science.1160006
SEINet. (n.d.-a). Penstemon acaulis occurrence records. Symbiota. Retrieved February 20, 2022
from https://swbiodiversity.org/seinet/collections/list.php?usethes=1&taxa=94315
SEINet. (n.d.-b). Penstemon yampaensis occurrence records. Symbiota. Retrieved February 20,
2022 from https://swbiodiversity.org/seinet/collections/list.php?usethes=1&taxa=94593

128
Skeels, A., Dinnage, R., Medina, I., & Cardillo, M. (2021). Ecological interactions shape the
evolution of flower color in communities across a temperate biodiversity hotspot.
Evolutionary Letters, 5(3), 277-289. https://doi.org/10.1002/evl3.225
Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis and post-analysis of
large phylogenies. Bioinformatics, 30(9), 1312-1313.
https://doi.org/10.1093/bioinformatics/btu033
Stone, B. W., Ward, A., Farenwald, M., Lutz, A. W., & Wolfe, A. D. (2019). Genetic diversity
and population structure in Cary’s Beardtongue Penstemon caryi (Plantaginaceae), a rare
plant endemic to the eastern Rocky Mountains of Wyoming and Montana. Conservation
Genetics, 20(5), 1149-1161. https://doi.org/10.1007/s10592-019-01204-1
Swift, J. F., Smith, S. A., Menges, E. S., Bassuner, B., & Edwards, C. E. (2016). Analysis of
mating system and genetic structure in the endangered, amphicarpic plant, Lewton’s
polygala (Polygala lewtonii). Conservation Genetics, 17, 1269-1284.
https://doi.org/10.1007/s10592-016-0860-3
Tripp, E. A., Tsai, Y. E., Zhuang, Y., & Dexter, K. G. (2017). RADseq dataset with 90% missing
data fully resolves recent radiation of Petalidium (Acanthaceae) in the ultra-arid deserts
of Namibia. Ecology and Evolution, 7(1), 7920-7936. https://doi.org/10.1002/ece3.3274
Trucchi, E., Frajman, B., Haverkamp, T. H. A., Schonswetter, P., & Paun, O. (2017). Genomic
analyses suggest parallel ecological divergence in Heliosperma pusillum
(Caryophyllaceae). New Phytologist, 216, 267-278. https://doi.org/10.1111/nph.14722

129
Uckele, K. A., Adams, R. P., Schwarzbach, A. E., & Parchman, T. L. (2021). Genome-wide
RAD sequencing resolves the evolutionary history of serrate leaf Juniperus and reveals
discordance with chloroplast phylogeny. Molecular Phylogenetics and Evolution, 156,
107022. https://doi.org/10.1016/j.ympev.2020.107022
United States. (1983). The Endangered Species Act as amended by Public Law 97-304 (the
Endangered Species Act amendments of 1982). U.S. Government Publishing Office,
Washington, D.C.
United States Fish and Wildlife Service (USFWS). (1980). Endangered and threatened wildlife
and plants; review of plant taxa for listing as endangered or threatened species. Federal
Register, 45(242), 82480-82529.
United States Fish and Wildlife Service (USFWS). (1985). Endangered and threatened wildlife
and plants; review of plant taxa for listing as endangered or threatened species; notice of
review. Federal Register, 50(188), 39525-39584.
United States Fish and Wildlife Service (USFWS). (1993). Plant taxa for listing as endangered or
threatened species; notice of review. Federal Register, 58(188), 51144-51190.
United States Fish and Wildlife Service (USFWS). (1996). Endangered and threatened species,
plant and animal taxa; proposed rule. Federal Register, 61(40), 7596-7613.
United States Fish and Wildlife Service (USFWS). (2000). Endangered and threatened wildlife
and plants; 12-month finding for a petition to list the southern torrent salamander in
California as endangered or threatened. Federal Register, 65(109), 35951-35956.
United States Fish and Wildlife Service (USFWS). (2003). Endangered Species Act of 1973 as
amended by Public Law 108-136 in 2003. United States, 108th Congress.

130
United States Fish and Wildlife Service (USFWS). (2022a). FWS listed U.S. species by
taxonomic group – All animals. Retrieved January 24, 2022, from
https://ecos.fws.gov/ecp/report/species-listings-by-taxgroup?statusCategory=Listed&groupName=All%20Animals&total=723
United States Fish and Wildlife Service (USFWS). (2022b). FWS listed U.S. species by
taxonomic group – All plants. Retrieved January 24, 2022, from
https://ecos.fws.gov/ecp/report/species-listings-by-taxgroup?statusCategory=Listed&groupName=All%20Plants&total=939
United States Forest Service (USFS). (2016). Intermountain Region (R4) threatened,
endangered, proposed, and sensitive species. U.S. Forest Service, Ogden, Utah, USA.
Utah Bureau of Land Management (BLM). (2018). Sensitive plant species list. Bureau of Land
Management, Salt Lake City, Utah, USA.
https://www.blm.gov/sites/blm.gov/files/Utah%20BLM%20Sensitive%20Plant%20Speci
es%20List.pdf
Wagner, R. S., Miller, M. P., & Haig, S. M. (2006). Phylogeography and genetic identification of
newly-discovered populations of torrent salamanders (Rhyacotriton cascade and R.
variegatus) in the central cascades (USA). Herpetologica, 62(1), 63-70.
https://doi.org/10.1655/04-52.1
Walter, K. S., & Gillett, H. J., eds. (1998). 1997 IUCN Red List of threatened plants. Compiled
by the World Conservation Monitoring Centre. IUCN – The World Conservation Union,
Gland, Switzerland, and Cambridge, UK. https://www.iucn.org/content/1997-iucn-redlist-threatened-plants

131
Wang, J., Lu, Y., Xu, Y., Jin, S., & Jin, X. (2020). Impatiens wuyiensis (Balsaminaceae), a new
species from Fujian of Southeast China, based on morphological and molecular
evidences. Botanical Studies, 61(1), 29. https://doi.org/10.1186/s40529-020-00306-1
Wang, Y., Ma, Y., Jia, B., Wu, Q., Zang, D., & Yu, X. (2020). Analysis of the genetic diversity
of the costal and island endangered plant species Elaeagnus macrophylla via conserved
DNA-derived polymorphism marker. PeerJ, 8, e8498. https://doi.org/10.7717/peerj.8498
Weber, W. A., & Wittmann, R. C. (2001). Colorado flora: Western slope, 3rd edition. University
Press of Colorado, Boulder, Colorado, USA.
Welsh, L. S., Atwood, N. D., Goodrich, S., & Higgins, L. C. (2016). A Utah flora, 5th edition.
Brigham Young University, Provo, Utah, USA.
Wenzel, A. J. (2016). Systematics of Penstemon section Ericopsis, a group of plant species
native to the Intermountain West [doctoral dissertation]. Ohio State University,
Columbus, Ohio, USA.
https://etd.ohiolink.edu/apexprod/rws_etd/send_file/send?accession=osu1471533204&dis
position=inline
Wessinger, C. A., Freeman, C. C., Mort, M. E., Rausher, M. D., & Hileman, L. C. (2016).
Multiplexed shotgun genotyping resolves species relationships within the North
American genus Penstemon. American Journal of Botany, 103(5), 912-922.
https://doi.org/10.3732/ajb.1500519
Wessinger, C. A., Rausher, M. D., & Hileman, L. C. (2019). Adaptation to hummingbird
pollination is associated with reduced diversification in Penstemon. Evolution Letters,
3(5), 521-533. https://doi.org/10.1002/evl3.130

132
Williams, L. O. (1934). Field and herbarium studies III. Annals of the Missouri Botanical
Garden, 21(2), 345-346. https://doi-org.unco.idm.oclc.org/2394143
Wilson, P., Wolfe, A. D., Armbruster, W. S., & Thomson, J. D. (2007). Constrained lability in
floral evolution: Counting convergent origins of hummingbird pollination in Penstemon
and Keckiella. The New Phytologist, 176(4), 883-890. https://doi.org/10.1111/j.14698137.2007.02219.x
Wolfe, A. D., Blischak, P. D., & Kubatko, L. S. (2021). Phylogenetics of a rapid, continental
radiation: Diversification, biogeography, and circumscription of the beardtongues
(Penstemon; Plantaginaceae). bioRxiv preprint.
https://doi.org/10.1101/2021.04.20.440652
Wolfe, A. D., McMullen-Sibul, A., Tepedino, V. J., Kubarko, L., Necamp, T., & Fassnacht, S.
(2014). Conservation genetics and breeding system of Penstmeon debilis
(Plantaginaceae), a rare beardtongue endemic to oil shale talus in western Colorado,
USA. Journal of Systematics and Evolution, 52(5), 598-611.
https://doi.org/10.1111/jse.12100
Wolfe, A. D., Necamp, T., Fassnacht, S., Blischak, P., & Kubatko, L. (2016). Population
genetics of Penstemon albomarginatus (Plantaginaceae), a rare Mojave Desert species of
conservation concern. Conservation Genetics, 17, 1245-1255.
https://doi.org/10.1007/s10592-016-0857-y
Wolfe, A. D., Randle, C. P., Datwyler, S. L., Morawetz, J. J., Arguedas, N., & Diaz, J. (2006).
Phylogeny, taxonomic affinities, and biogeography of Penstemon (Plantaginaceae) based
on ITS and cpDNA sequence data. American Journal of Botany, 93(11), 1699-1713.
https://doi.org/10.3732/ajb.93.11.1699

133
Wyoming Bureau of Land Management (BLM). (2010). Sensitive species policy and list.
Wyoming Bureau of Land Management, Cheyenne, Wyoming, USA.
Zacarias-Correa, A. G., Lira-Noriega, A., Perez-Calix, E., Samain, M. S., & Wolfe, A. D. (2020).
Back to the future of a rare plant species of the Chihuahuan desert: Tracing distribution
patterns across time and genetic diversity as a basis for conservation actions. Biodiversity
and Conservation, 29, 1821-1840. https://doi.org/10.1007/s10531-020-01962-2
Zhang, X., Qin, H., Xie, W., Ma, Y., & Sun, W. (2020). Comparative population genetic
analyses suggest hybrid origin of Rhododendron pubicostatum, an endangered plant
species with extremely small populations endemic to Yunnan, China. Plant Diversity,
42(4), 312-318. https://doi.org/10.1016/j.pld.2020.06.012
Zhong, Y., Yang, A., Liu, S., Liu, L., Li, Y., Wu, Z., & Yu, F. (2019). RAD-Seq data point to a
distinct split in Liriodendron (Magnoliaceae) and obvious east–west genetic divergence
in L. chinense. Forests, 10(1), 13. https://doi.org/10.3390/f10010013
Zink, R. M. (2004). The role of subspecies in obscuring avian biological diversity and
misleading conservation policy. Proceedings of the Royal Society of London: Biological
Sciences, 271, 561-564. https://doi.org/10.1098/rspb.2003.2617
Zink, R. M., Barrowclough, G. F., Atwood, J. L., & Blackwell-Rago, R. C. (2000). Genetics,
taxonomy, and conservation of the threatened California gnatcatcher. Conservation
Biology, 14(5), 1394-1405. https://doi.org/10.1046/j.1523-1739.2000.99082.x

134

APPENDIX A
ADDITIONAL MORPHOLOGICAL AND
SOIL COMPARISONS
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Soil Traits Listed by Population
Table 3
Base Saturation of Soil Elements by Population.

Population
McKinnon
Radio Tower
Diamond Peak
Limestone Ridge
Smelter Hill
Maybell Park

Population
number
Hydrogen Potassium Calcium Magnesium Sodium
1
0.0%
8.9%
74.3%
16.0%
0.8%
2
0.0%
7.5%
74.6%
16.6%
1.3%
3
0.0%
11.9%
66.2%
20.9%
1.0%
4
0.0%
5.7%
74.5%
19.4%
0.4%
5
0.0%
5.9%
84.4%
9.3%
0.4%
6
0.0%
6.6%
81.0%
12.0%
0.4%

Table 4
Soil Texture by Population.

Population
McKinnon
Radio Tower
Diamond Peak
Limestone Ridge
Smelter Hill
Maybell Park

Population
number
1
2
3
4
5
6

Sand
80%
85%
55%
73%
85%
85%

Silt
8%
8%
18%
13%
3%
8%

Clay
13%
8%
28%
15%
13%
8%

pH
7.7
7.6
7.8
7.9
7.7
8.2

Excess
lime
high
high
high
high
high
high

Table 5
Additional Soil Traits by Population.

Population
McKinnon
Radio Tower
Diamond Peak
Limestone Ridge
Smelter Hill
Maybell Park

Cation
Population exchange
number
capacity
1
14
2
17
3
16
4
15
5
14
6
14

Texture by
hydrometer
Sandy loam
Loamy sand
Sandy clay loam
Sandy loam
Sandy loam
Loamy sand
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Flower Color Traits in Penstemon acaulis and Penstemon yampaensis
Figure 1
Flower Lab Color Values Compared Across Species, Genetic Groups, and Populations.

Note. ANOVA f26 and p values shown with significant p values in red. Groups represented by non-overlapping circles are significantly
different in Tukey-Kramer post-hoc tests at p < 0.05.
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Figure 2
Individual Average Percent Composition of Red, Green, and Blue in Flower Color Compared Across Species, Genetic Groups, and
Populations.

Note. ANOVA f26 and p values shown with significant p values in red. Groups represented by non-overlapping circles are significantly
different in Tukey-Kramer post-hoc tests at p < 0.05.
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Figure 3
The Individual Average Ratio of Red to Blue in Flower Color Compared Across Species, Genetic Groups, and Populations

Note. ANOVA f26 and p values shown with significant p values in red. Groups represented by non-overlapping circles are significantly
different in Tukey-Kramer post-hoc tests at p < 0.05.
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Figure 4
Lab Color Values Compared With Latitude and Longitude.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 5
Individual Average Percent Composition of Red, Green, and Blue in Flower Color Compared
With Latitude and Longitude.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 6
The Ratio of Red to Blue Compared with Latitude and Longitude.

Note. R squared (Rs) and p values are shown with significant p values in red.

142
Soil Traits Compared Across Species and Genetic Groups
Figure 7
Soil Trait That was Significantly Different Between Species.

Note. ANOVA f6 and p values shown with significant p values in red. Groups represented by
non-overlapping circles are significantly different in Tukey-Kramer post-hoc tests at p < 0.05.
Figure 8
Soil Traits That Were Significantly Different Among Genetic Groups.

Note. ANOVA f6 and p values shown with significant p values in red. Groups represented by
non-overlapping circles are significantly different in Tukey-Kramer post-hoc tests at p < 0.05.
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Morphological Traits Compared with Soil Traits
Figure 9
Leaf and Flower Morphology Traits That Have a Significantl Relationship With Boron.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 10
Leaf and Flower Morphology Traits That Have a Significant Relationship With Copper.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 11
Leaf Morphology Traits That Have a Significant Relationship With Magnesium.

Note. R squared (Rs) and p values are shown with significant p values in red.
Figure 12
Leaf Morphology Traits That Have a Significant Relationship With Potassium.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 13
Leaf and Flower Morphology Traits That Have a Significant Relationship With Sodium.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 14
Leaf and Flower Morphology Traits That Have a Significant Relationship with Sulfate.

Note. R squared (Rs) and p values are shown with significant p values in red.

148
Figure 15
Leaf Morphology Trait That has a Significant Relationship With Zinc.

Note. R squared (Rs) and p values are shown with significant p values in red.
Figure 16
Leaf Morphology Traits That Have a Significant Relationship With Percent Base Saturation of
Calcium.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 17
Leaf Morphology Traits That Have a Significant Relationship With Percent Base Saturation of
Magnesium.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 18
Leaf and Flower Morphology Traits That Have a Significant Relationship With Percent Base
Saturation of Sodium.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 19
Leaf and Flower Morphology Traits That Have a Significant Relationship With Cation Exchange
Capacity.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 20
Leaf and Flower Morphology Traits That Have a Significant Relationship With pH.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 21
Leaf and Flower Morphology Traits That Have a Significant Relationship With Percent by
Weight of Rock.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 22
Leaf and Flower Morphology Traits That Have a Significant Relationship With Percent by
Weight of Soil.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Soil Traits Compared with Latitude and Longitude
Figure 23
Boron Soil Concentrations Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.

156
Figure 24
Copper Soil Concentrations Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 25
Magnesium Soil Concentrations Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 26
Potassium Soil Concentrations Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 27
Sodium Soil Concentrations Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 28
Sulfate Soil Concentrations Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 29
Zinc Soil Concentrations Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 30
Percent Base Saturation of Calcium Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 31
Percent Base Saturation of Magnesium Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 32
Percent Base Saturation of Sodium Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 33
Cation Exchange Capacity Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 34
pH Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 35
Percent by Weight of Rock Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.
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Figure 36
Percent by Weight of Soil Plotted by Latitude, Longitude, and Population.

Note. R squared (Rs) and p values are shown with significant p values in red.

